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ABSTRACT 

Epithelial ovarian cancer (EOC) remains localized 
within the peritoneal cavity in a large number of patients, 
lending itself to i.p. approaches of therapy. In the present 
study, we investigated the effect of replication-selective her- 
pes simplex virus- 1 (HSV-1) used as an oncolytic agent 
against EOC and the use of human teratocarcinoma PA-1 as 
carrier cells for i.p. therapy. HSV-1716, a replication-com- 
petent attenuated strain lacking ICP34.5, caused a direct 
dose-dependent oncolytic effect on EOC cells in vitro. A 
single i.p. administration of 5 X 10 6 plaque-forming units 
resulted in a significant reduction of tumor volume and 
tumor spread and an increase in survival in a mouse xe- 
nograft model. PA-1 cells supported HSV replication in vitro 
and bound preferentially to human ovarian carcinoma sur- 
faces compared with mesothelial surfaces in vitro and in vivo. 
In comparison with the administration of HSV-1716 alone, 
irradiated PA-1 cells, infected at two multiplicities of infec- 
tion with HSV-1716 and injected i.p. at 5 X 10 6 cells/animal, 
led to a significant tumor reduction in the two models tested 
and the significant prolongation of mean survival in one 
model. Histological evaluation revealed extensive necrosis in 
tumor areas infected by HSV-1716. Immunohistochemistry 
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against HSV-1 revealed areas of viral infection within tumor 
nodules, which persisted for several weeks after treatment. 
Administration of HSV -infected PA-1 carrier cells resulted 
in larger areas of tumor infected by the virus. Our results 
indicate that replication-competent attenuated HSV-1 exerts 
a potent oncolytic effect on EOC, which may be further 
enhanced by the utilization of a delivery system with carrier 
cells, based on amplification of the viral load and possibly on 
preferential binding of carrier cells to tumor surfaces. 

INTRODUCTION 

Despite the aggressive surgical approaches and combina- 
tion chemotherapeutic regimens implemented over the past 2 
decades, EOC 3 still remains a disease with a grim prognosis. 
Recent statistics indicate that 25,000 new patients with EOC are 
diagnosed yearly in the United States; 15,000 deaths occur from 
this disease yearly (1). Unfortunately, because of the lack of 
symptoms, the majority of patients are diagnosed at a late stage 
(2). In addition, although 70% of the patients initially respond to 
cisplatin-based chemotherapy, the majority of them relapse and 
develop chemotherapy-resistant disease (3). As a result, the 
overall 5-year survival is approximately 20% for advanced- 
stage disease. New therapeutic approaches are, therefore, war- 
ranted. 

EOC remains localized within the peritoneal cavity in a 
large proportion of patients, ultimately causing local morbidity 
and lethal complications (4). Because of its localized nature, 
EOC lends itself to i.p. approaches of therapy. One such ap- 
proach is gene therapy. Gene therapy using the HSV?& suicide 
gene followed by ganciclovir (5, 6) or targeting tumor suppres- 
sor genes and oncogenes (7, 8) has been tested on experimental 
ovarian cancer in vitro and in vivo. Sufficient encouraging 
preclinical results have been obtained to justify initiation of 
clinical Phase I trials (9, 10). However, results from a recent 
clinical trial using a HSV/£-carrying adenoviral vector applied 
to mesothelioma localized in the pleural space indicate that gene 
delivery is restricted to a few superficial cell layers, and treat- 
ment of larger three-dimensional tumors may still be inadequate 
(11). 

Replication-competent viral agents may provide a feasible 
alternative for cancer therapy. Recombinant attenuated forms of 
HSV-1 represent one family of such agents, which are replica- 
tion-restricted (12-17). HSV-1 mutants have been generated 



3 The abbreviations used are: EOC, epithelial ovarian cancer; pfu, 
plaque- forming unit(s); MOI, multiplicities of infection; HSV, herpes 
simplex virus; HSV-1 thymidine kinase; CNS, central nervous 

system; SCID, severe combined immunodeficient; CPE, cytopathic ef- 
fect; FCS, fetal calf-serum; PCR, polymerase chain reaction; OR, odds 
ratio. 
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that harbor alterations in genes such as thymidine kinase (tk) or 
ribonucleotide reductase (RR), exhibiting decreased viral repli- 
cation in nondividing neuronal cells (13, 17-20). The specificity 
of the RR~ mutants has been shown to be up to 1000-fold higher 
for malignant rodent cells than endogenous neural cells (21). 
Another series of HSV-1 mutants has been produced by alter- 
ations in both copies of the RL1 gene, a diploid fragment of the 
HSV-1 genome (12, 16, 19, 22, 23). Its product, the ICP34.5 
protein, has been implicated in neuro virulence (24-26) and is 
responsible for preventing apoptosis related to premature shut- 
off of protein synthesis in the infected host cells (27). ICP34.5- 
null HSV-1 mutants have been shown to replicate preferentially 
in tumor cells, causing a direct oncolytic effect but appear to 
spare normal differentiated tissues (28, 29). These strains have 
been successfully used to reduce or cure tumors of the CNS in 
experimental models (12, 13, 15-23, 30, 31). 

Previous studies in our laboratories (32) demonstrated the 
efficacy of HSV- 171 6, an ICP34.5-null mutant, in reducing 
tumor burden and conferring survival advantage in an i.p. model 
of malignant mesothelioma in the SCID mouse. Moreover, these 
studies suggested that extra-CNS administration of replication- 
restricted HSV-1 might be safe. HSV- 17 16 administered i.p. to 
SCID mice was found to be completely a virulent (32). In fact, 
there was no viral spread outside the tumors, as was documented 
by immnunohistochemistry and PCR analysis of multiple mu- 
rine tissues, including i.p. and retroperitoneal organs as well as 
distant organs and the brain. This was not true for wild-type 
HSV-1, to which SCID mice were found to be extremely sen- 
sitive. In fact, i.p. administration of wild-type HSV-1 to SCID 
mice led to rapid systemic spread of the virus and death of the 
animals within 1 week (32). Further supporting the safety of 
HSV-1 mutants, the administration of HSV-1716 to normal 
human skin in a murine xenograft model was accompanied by 
no toxicity, whereas administration of a wild-type HSV-1 led to 
rapid destruction of the xenograft (28). Application of replica- 
tion-restricted HSV-1 for extra-CNS malignancies was recently 
extended to other tumors; a RNase reductase-deleted mutant 
was used in an experimental animal model of metastatic colo- 
rectal carcinoma in the liver (33), and a replication-restricted 
ICP34.5 mutant was used to treat experimental metastatic and 
s.c. melanoma (23, 34). Moreover, a multiattenuated mutant, 
HSV-G207, was efficacious in the treatment of breast cancer 
(35). 

In the present study, we sought to define the applicability 
of HSV-1716 in the treatment of human EOC in vivo. Moreover, 
we investigated the suitability of PA-1 human teratocarcinoma 
cells as a carrier system for the delivery of HSV-1716 in vivo. 
We report that attenuated HSV-1716 exerts a potent oncolytic 
effect on EOC, which may be enhanced by the utilization of a 
carrier cell line for the in vivo administration of replication- 
restricted HSV-1. 

MATERIALS AND METHODS 

Virus. HSV-1716 was originally isolated in the labora- 
tory of S. M. Brown (Glasgow University, United Kingdom; 
Ref. 24). The genome of this virus contains a 759-bp deletion 
located within each copy of the BamHl fragment of the long 
repeat region of the genome. These deletions remove most of the 



gene encoding ICP34.5, and the mutant fails to make the pro- 
tein. The virus used in this study was passed in our laboratory, 
as originally described (24, 32). 

Cells. EOC cell lines SKOV3, NIH:OVCAR3, CaOV3, 
and human ovarian teratocarcinoma line PA-1 (36) were ob- 
tained from the American Type Culture Collection (Manassas, 
VA). The A2780 EOC line was a kind gift of Dr. Tom Hamilton 
(Fox Chase Cancer Center, Philadelphia, PA). Primary ovarian 
cultures were obtained from patients with advanced EOC stage 
III or IV, according to the criteria set by the International 
Federation of Gynecologists and Obstetricians (FIGO) (4). Ma- 
lignant effusions, obtained at the time of exploratory laparotomy 
or diagnostic/therapeutic paracentesis, were centrifuged at 
300 X g for 10 min at room temperature, and the cell pellets 
were collected and seeded in standard tissue culture media (see 
below). These cells assumed an epithelial phenotype, and their 
malignant nature was confirmed by a rapid doubling time (av- 
erage, 18 h) and their immortalized behavior in vitro. EOC cells 
were passaged 4-5 times before using them in experiments. 
Normal peritoneal mesothelial cells were obtained from intra- 
operative pelvic peritoneal lavages carried out with normal 
saline in patients undergoing laparotomy for benign pelvic pa- 
thology (pelvic relaxation, uterine myomata). Lavage fluids 
were centrifuged at 300 X g for 10 min at room temperature, 
and the cell pellets were collected and seeded in standard media 
(see below). These cells assumed an epithelial-like phenotype 
and grew in a cobblestone pattern. Their doubling time was 
longer than that of primary EOC cultures (average, 36 h) and 
their nonmalignant nature was confirmed by the fact that they 
propagated for only a few (4-5) passages even in the presence 
of growth factors. To eliminate macrophages from primary 
cultures, culture media were aspirated 30 min after plating, and 
suspended cells were reseeded in new culture flasks. All of the 
cell lines and EOC primary isolates were cultured under stand- 
ard conditions (37°C in a 5% C0 2 atmosphere) and media of 
RPMI 1640 with 10% heat-inactivated FCS and antibiotics. For 
normal mesothelial cells, media were supplemented with a mix- 
ture of growth factors (SerXtend, Irvine Scientific, Santa Anna, 
CA) at 0.1% dilution. Institutional Review Board approval had 
been obtained for the retrieval and utilization of primary cul- 
tures. 

Assessment of Cytotoxicity in Vitro. Cells were plated 
at a density of 3 X 10 3 cells/well in 96- well plates and incubated 
with HSV-1716 at 0.1 and 1 MOI in serum-free media for one 
h. Serum-enriched media were added subsequently and cultures 
were followed for 4 days. Cell proliferation assays were per- 
formed using a chromogenic kit (CellTiter AQueous96, Pro- 
mega, Madison, WI) and colorimetric assays were carried out in 
a microplate ELISA reader (Bio-Tek Instruments, Winooski, 
VT). CPEs were documented by phase microscopy. 

Flow Cytometry Analysis of HSV Antigens. PA-1 cells 
were cultured in T25 flasks until they reached 60% confluence. 
They were then infected with 0.5-2.5 MOI of HSV-1716, as 
above. Cells were harvested at 16 h with a 0.05% trypsin 
solution, washed once with PBS, and fixed/permeabilized with 
70% methanol at -20°C for 20 min. A polyclonal antibody 
against HSV-1 proteins (American Qualex, La Mirada, CA) was 
used at a dilution of 1:250, and a secondary antirabbit FITC 
(FITC)-conjugated antibody (Jackson Immunoresearch Labora- 
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tories Inc., West Grove, PA) was used at a dilution of 1:250. 
Flow cytometry analysis was performed using an EPICS XL 
flow cy to meter (Coulter Corporation, Hialeah, FL). 

One-Step Growth Curves. PA-1 teratocarcinoma cells 
were plated in 6-well plates at a density of 4 X 10 5 cells/well 
under standard conditions overnight and subsequently infected 
with HSV-1716 at 0.3 MOI. In parallel experiments, PA-1 cells 
were subjected to a single 2000-cGy dose of ionizing radiation 

1 h before exposure to HSV-1716. Cells were harvested in their 
media by mechanical scraping 1 h after exposure to the virus (0 
h) as well as 6, 20, 24, and 48 h later and stored at -80°C. 
One-step growth curves were carried out as described previ- 
ously (32). 

In Vivo Adhesion Assays. PA-1 teratocarcinoma cells 
were labeled with a rhodamine fluorescent dye (PKH26 Red 
Fluorescent Cell Linker Kit, Sigma, St. Louis, MO) as recom- 
mended by the manufacturer. Briefly, cells were harvested with 
a 0.05% trypsin solution, resuspended in PBS and incubated 
with the dye at 1:250 dilution for 8 min. The reaction was 
interrupted with the addition of 100% FCS. Cells were then 
washed, suspended in RPMI containing 10% FCS, and injected 
i.p. (5 X 10 6 cells/animal) into SCID mice bearing i.p. SKOV3 
tumor (see below). Eight h later, animals were sacrificed, the 
parietal peritoneum was entirely dissected, and four specimens 
were prepared containing almost entirely the four different seg- 
ments of the parietal peritoneum (diaphragmatic, ventral, lateral 
left, and lateral right). In addition, random biopsies were ob- 
tained from the mesentery and the visceral peritoneum. Six-|xm 
sections were prepared, mounted in Fluoromount medium (Fish- 
er, Pittsburgh, PA) containing 2.5% l,4-diazabicyclo-(2,2,2)oc- 
tane (DABCO, Polyscience, Warrington, PA), to prevent 
quenching, and examined under a Zeiss microscope. 

For quantitative analysis of in vivo adhesion, 20 random 
fields/slide (X40) were inspected on five slides cut 18 |xm apart 
from each other from the four different segments of the parietal 
peritoneum and from two sections of mesenteric areas. Fields 
were selected in such a way to contain only tumor surface or 
only tumor-free normal peritoneum. The number of fields con- 
taining SKOV3 tumor with or without adhering fluorescent 
PA-1 cells and those containing normal peritoneum with or 
without adhering fluorescent PA-1 cells were counted. This 
experiment was repeated twice. 

In Vitro Adhesion Assays. Normal peritoneal mesothe- 
lial cells, PA-1 teratocarcinoma cells, and EOC SKOV3, 
CaOV3, NIH:OVCAR3, and A2780 cells were plated in 48-well 
plates at a density of 3-4 X 10 4 cells/well and allowed to form 
100% confluent monolayers. Teratocarcinoma PA-1 cells cul- 
tured in T25 flasks were starved with methionine-free media for 

2 h and subsequently incubated with [ 35 S] methionine media (50 
|jiCi/ml) containing 1% dialyzed FCS overnight. Radiolabeled 
PA-1 cells were harvested by short exposure to 0.05% trypsin 
solution, washed with serum-free media once, centrifuged at 
300 X g for 5 min at room temperature, and resuspended in 
media containing 1% FCS. PA-1 cells were then seeded at 5 X 
10 3 /well on the different monolayers and allowed to interact 
with adherent mesothelial or ovarian cancer cells for 30 min. 
Subsequently, cells were washed three times with PBS to re- 
move nonadherent cells. Adherent cells were harvested with 
0.1% trypsin solution, transferred to scintillation vials and 



counted in a scintillation counter (LS 6500, Beckman Instru- 
ments, Fullerton, CA). In separate experiments, PA-1 teratocar- 
cinoma cells were radiolabeled with [ 35 S] methionine, as de- 
scribed above, and subsequently subjected to ionizing radiation 
(2000 cGy) and/or infection with HSV-1716 (2 MOI). Cells 
subjected to different treatments were subsequently plated on 
the different monolayer substrates, as described above. Adhe- 
sion was measured as described above. 

In Vivo Xenograft Model of EOC. Six-to-eight- week- 
old female CB17 SCID mice (Charles River, Wilmington, MA) 
were housed in an isolation unit at the Wistar Institute (Phila- 
delphia, PA). Animals were cared for according to protocols 
approved by the Animal Use Committees of the Wistar Institute 
and the University of Pennsylvania, in compliance with the 
Guide for the Care and Use of Laboratory Animals (NIH 85-23, 
revised 1985). A2780 and SKOV3 cells were cultured under 
standard conditions until they reached confluence of 70%, were 
harvested with 0.05% trypsin solution, were washed with se- 
rum-enriched media, and centrifuged at 300 X g for 5 min at 
4°C. Cells were injected i.p. (SKOV3, 5 X 10 6 cells/animal; 
A2780, 1 X 10 6 cells/animal) in 0.5 ml of RPMI containing 
10% FCS and 1% SerXtend® (Irvine Scientific). Five mice 
were killed at selected times to confirm the presence of i.p. 
tumors before administering treatment in each experiment. At 
the end of the experiments, animals were killed, and i.p. tumors 
were assessed for spread and volume. A semiquantitative scor- 
ing system was devised to grade tumor spread. Five areas were 
screened for the presence of tumor: (a) the injection site; (b) the 
parietal peritoneum and diaphragm; (c) the small bowel mesen- 
tery and omentum; (d) the lesser omentum and hepatic hilum; 
and (e) the retroperitoneum. Each site received a score of 0-3 as 
follows: 

(a) 0, if no microscopic tumor was seen; 

(b) 1, if microscopic tumor was visible with the aid of a 
dissecting microscope at X2.5; 

(c) 2, if tumor nodules less than 5 mm were visible; and 

(d) 3, if tumor nodules equal to or more than 5 mm were 
present. 

Moreover, the presence of ascites added one additional point in 
the scoring system. Thus, the maximum score accumulated in 
this scale was 16. Subsequently, all of the visible nodules of the 
tumor were dissected from surrounding normal peritoneum and 
viscera, and total intra-abdominal tumor was weighed for each 
animal individually. 

Utilization of PA-1 Teratocarcinoma Cells as HSV-1716 
Carrier Cells. PA-1 human teratocarcinoma cells were ex- 
posed to ionizing radiation at a single dose of 2000 cGy and then 
infected with HSV-1716 at 2 MOI. Two h after infection, cells 
were washed with PBS and harvested with 0.05% trypsin solu- 
tion. Cells were then washed twice in media containing 10% 
heat-inactivated FCS, centrifuged at 300 X g for 5 min, and 
resuspended in RPMI containing 1% heat-inactivated FCS. 
Five X 10 6 cells were injected i.p. into tumor-bearing animals. 
Control tumor-bearing animals received PA-1 teratocarcinoma 
cells that had been previously exposed to the same amount of 
radiation but not infected with HSV-1716. To confirm the lack 
of tumorigenicity of irradiated PA-1 cells, non- tumor-bearing 
mice received a flank (n = 10) or an i.p. administration (n = 10) 
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of 5 X 10 6 irradiated PA-1 cells and were followed for 16 
weeks. 

Application of HSV-1716 in Vivo. At selected times, 
animals received a single i.p. dose of HSV-1716 at 5 X 10 6 pfu 
in 500 jjlI of serum-free RPMI, a dose found effective in our 
previous studies with mesothelioma (32). Control animals re- 
ceived a similar volume of media. A separate group of animals 
received an i.p. injection of 5 X 10 6 irradiated PA-1 teratocar- 
cinoma cells infected with HSV-1716 at 2 MOI as described 
above, and a second control group received irradiated nonin- 
fected PA-1 cells. Animals were killed at selected times, and i.p. 
tumors were assessed in the different groups. For survival ex- 
periments, animals were injected with tumor and treated as 
above. Animals were followed daily and were removed from the 
cages if found dead, or were killed if they seemed severely ill. 
Tumor weight was estimated in killed animals as described 
above. Survival experiments were repeated twice for each EOC 
cell line. Kaplan-Meier survival curves were computed using the 
StatView computer program. 

Histology and Immunohistochemistry. Tumors ob- 
tained from treated and control animals were immediately fixed 
in formalin (3.7% formaldehyde-PBS) and subsequently embed- 
ded in paraffin. Six-jjim-thick sections were deparaffinized and 
stained with H&E. For immunohistochemistry, slides were sub- 
jected to antigen retrieval at 105°C for 10 min in 0.1 n citric acid 
and incubated with a monoclonal antibody against HSV-1 
(DAKO, Carpenteria, CA) at a dilution of 1:4 for 30 min at 
47°C. A horseradish peroxidase-conjugated antimouse antibody 
(Vectastain, Vector Laboratories, Burlingane, CA) was used at 
a dilution of 1:400. Slides were then processed according to the 
manufacturer's instruction using the ABC kit (Vector Labora- 
tories). A mouse preimmune serum was used at a dilution of 1:4 
as a negative control (DAKO). 

Statistical Analysis. Differences in values obtained dur- 
ing in vitro adhesion assays and differences in tumor weights in 
the animal experiments were determined with one-way 
ANOVA. Post-hoc comparisons of specific paired groups were 
done with the t test. The differences in the in vivo adhesion 
assays were computed with the x 2 test for 2 X 2 contingency 
tables. ORs were computed with the formula OR = a X d/b X c 
from the 2X2 contingency tables. Survival curves were analyzed 
with the Mantel-Cox log-rank test. Statistical significance was set 
at P < 0.05. Results are expressed as the mean ± SE. 

RESULTS 

HSV-1716 Exerts an Oncolytic Effect on EOC in Vitro. 

To assess the oncolytic effect of HSV-1716 on EOC in vitro, 
primary EOC cultures and established EOC cell lines were 
exposed to HSV-1716 at 0.1 and 1 MOI. Cell survival was 
assessed by proliferation colorimetric assays and evaluation of 
CPEs under phase microscopy. HSV-1716 exerted a direct dose- 
dependent cytolytic effect on all of the EOC cell lines and on 
human teratocarcinoma PA-1 cell line (Fig. 1). Primary EOC 
cultures obtained from patients with advanced disease displayed 
10- to 20- fold higher sensitivity compared with established EOC 
cell lines. A2780 appeared to be the most sensitive EOC cell 
line, and SKOV3 was the least sensitive. Moreover, teratocar- 
cinoma PA-1 cells displayed a remarkable sensitivity, which 
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Fig. 1 In vitro cytolytic effect of HSV-1716 on established EOC cell 
lines, human teratocarcinoma line PA-1, and primary epithelial ovarian 
cultures (OV1, OV2, OV3, and 0V4). The effect of HSV-1716 was 
assessed by a colorimetric proliferation assay performed 4 days after 
exposure to the virus. Values are expressed as a percentage of nonin- 
fected control cells. A clear dose-dependent cytotoxic effect is noted. 
Data represent the results of three experiments and are expressed in 
mean ± SE. Black columns, 0.1 MOI; striped columns, 1 MOI. 



was comparable to primary EOC cultures. The above results 
were also confirmed by phase microscopy: 100% of primary 
EOC cells, A2780 cells and teratocarcinoma PA-1 cells dis- 
played CPEs within 24-48 h at 1 MOI, whereas 95-99% of 
NIH:OVCAR3, SKOV3 and CaOV3 cells displayed CPEs by 
day 4 of culture (data not shown). 

HSV-1716 Exerts an Oncolytic Effect on EOC in Vivo. 
To assess the efficacy of HSV-1716 in treating established i.p. 
EOC, a murine xenograft model was used with two well-char- 
acterized EOC cell lines, SKOV3 and A2780, which displayed 
the lowest and highest sensitivity, respectively, to HSV-1716 in 
vitro. The oncolytic effect of HSV-1716 was evaluated on 
different tumor burdens by varying the time of treatment and by 
using the two aforementioned cell lines, which yield i.p. tumors 
of different volume. 

To assess the effect of HSV-1716 in minimally spread 
EOC, the virus was administered 1 week after the injection of 
SKOV3 ovarian cancer cells. Injection i.p. of 5 X 10 6 SKOV3 
cells resulted in microscopic tumor at the diaphragm and occa- 
sionally the omentum, mesentery, or lesser omentum within 1 
week (tumor score, 2/16; tumor weight, 202 ±7.1 mg; n = 5). 
At that time, a group of animals received a single dose of 
HSV-1716 (n = 10), whereas a group of control animals re- 
ceived media only (n = 10). Animals were then sacrificed at 6 
weeks (5 weeks later) to evaluate tumors. Animals that received 
virus displayed significantly smaller tumors compared with con- 
trol animals (P < 0.001; Table 1). Moreover, HSV-treated 
animals displayed tumors similar to their pretreatment counter- 
parts (P = 0.78). Tumor spread was advanced in untreated 
animals (15.5/16), whereas it remained similar to pretreatment 
in the HSV-treated animals (2.2/16). 

To assess the role of HSV-1716 in more advanced disease, 
SKOV3 tumors were allowed to grow for 3 weeks before they 
were treated with virus. At 3 weeks, larger i.p. tumors were 
observed (tumor score, 3.5/16; tumor weight, 837 ±9.1 mg; 
n = 5; Table 1). Treated animals received a single dose of i.p. 
virus, whereas control animals received media only. Animals 
were then killed at 6 weeks (3 weeks later) to evaluate tumors. 
Animals that received HSV-1716 (n = 10) displayed signifi- 



Clinical Cancer Research 1527 



Table 1 Effect of HSV-1716 on tumor burden 
To assess the efficacy of HSV-1716 in treating EOC in vivo, HSV-1716 was administered directly i.p. to SCID mice (n = 10/group) at 1 or 3 
weeks after a single i.p. injection of 5 X 10 6 SKOV3 cells or 1 X 10 6 A2780 cells. Control animals received media only. Animals from each group 
were killed at 6 weeks after tumor injection. Separate groups of control animals were killed before viral administration at 1 and 3 weeks. Tumors were 
dissected and weighed. Weights are expressed in mg and values are expressed as the mean ± SE. 



Tumors 


Pretreatment 
weight 


Wk of 
treatment 


Weight of tumor at 6 wk 
Untreated HSV-1716 


SKOV3 


202 ± 7 


1 


1,147 ± 11 


191 ± r b 




837 ± 9 


3 


1,249 ± 13.2 


732 ± 3 a ' b 


A2780 


1,860 ± 532 


1 


18,705 ± 2,120 


2,870 ± 923 a ' b 




8,150 ± 912 


3 


19,100 ± 1,115 


10,032 ± 1,812** 



a P < 0.001 versus untreated. 

b Nonsignificant versus pretreatment. 

C P<0.05. 



cantly smaller tumors compared with control animals (n = 10; 
P < 0.001). Moreover, HSV-treated animals displayed tumors 
similar to their pretreatment counterparts (P = 0.86). Tumor 
spread was again advanced in untreated animals (score, 16/16), 
whereas it remained similar to tumor spread at pretreatment in 
the HSV-treated animals (3.7/16). 

To assess the role of HSV-1716 in bulky EOC, we used the 
A2780 model. Administration of 1 X 10 6 A2780 cells resulted 
in bulky i.p. tumors with 0.5-2 mm tumor nodules spread 
throughout the abdominal cavity within 1 week (score, 16/16; 
tumor weight, 1860 ± 532 mg; n = 5; Table 1). At that time, a 
group of animals received a single dose of HSV-1716 (n = 10), 
and a group of control animals received media only (n = 10). 
Animals were then killed at 6 weeks (5 weeks later) to evaluate 
tumors. HSV-treated animals displayed significantly smaller 
tumors compared with control animals that received saline at 
week one (P < 0.001; n = 10; Table 1). In addition, no 
difference in tumor weight was detected between the HSV- 
treated animals and their pretreatment counterparts (P = 0.86; 
n = 10). 

To assess the role of HSV-1716 in more bulky i.p. disease, 
A2780 tumors were allowed to grow for 3 weeks after cell 
injection. At that time, wide-spread tumor nodules, 4-14 mm in 
size (score 16/16; tumor weight, 8150 ± 912 mg; n = 5), were 
noted (Table 1). Administration of a single dose of HSV-1716 at 
3 weeks resulted in the arrest of tumor growth at 6 weeks (3 
weeks later) compared with their pretreatment counterparts (Ta- 
ble 1). HSV-treated animals displayed significantly smaller tu- 
mors at 6 weeks, compared with control animals that received 
media (P < 0.05; n= 10). In addition, no significant differences 
in tumor weight were observed between the animals treated with 
HSV-1716 on week 3 compared with their pretreatment coun- 
terparts (P = 0.66; n = 10). 

HSV-1716 Efficiently Infects and Replicates in Irradi- 
ated PA-1 Cells. One of the hypotheses of the present study 
was that i.p. administration of PA-1 cells previously infected 
with HSV mutant might effectively deliver virus to the tumor in 
vivo. One of the difficulties of comparing the effect of virus 
administered alone versus carrier cells administered after being 
infected in vitro with HSV lies in the different amounts of 
particles potentially inoculated. To minimize the difference in 
the amount of viral load initially administered, we determined 
the lowest MOI at which 100% of PA-1 cells were infected with 
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Fig. 2 HSV-1716 infection of PA-1 cells. A, infection rate of PA-1 
teratocarcinoma cells 16 h after exposure to increasing MOI of HSV- 
1716. Analysis was carried out by flow cytometry using a polyclonal 
antibody against HSV-1 antigens. B, single step-growth curve of HSV- 
1716 in control nonirradiated human teratocarcinoma PA-1 cells (■) 
and cells exposed to ionizing radiation (20 Gy) before the infection (□). 
PA- 1 cells support viral replication even after exposure to a lethal dose 
of radiation. Cells were incubated with 0.3 MOI, which was 1000 pfu of 
virus. 



HSV-1716. PA-1 cells were incubated with increasing doses of 
the virus, and the rate of infection of the cells was determined by 
flow cytometry (Fig. 2A). These experiments indicated that 
approximately 100% of PA-1 cells were infected at an MOI of 
2. At this MOI, each PA-1 cell presumably was initially infected 
by one or, at most, two viral particles. 

We hypothesized that carrier cells would lead to significant 
amplification of the viral load delivered i.p. to the animals in 
vivo. To assess the magnitude of viral replication in PA-1 cells 
in vitro, we determined the viral burst size (Fig. 2B). The burst 
size of HSV-1716 in PA-1 teratocarcinoma cells was 200 in the 
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Fig. 3 PA- 1 producer cells adhere preferentially to tumor nodules rather than to normal peritoneum. PA- 1 cells were labeled with fluorescent dye, 
and 5 X 10 6 cells were injected i.p. in SKOV3 tumor-bearing mice. Animals were killed 8 h later, and multiple biopsies were obtained from 
tumor- bearing areas and normal peritoneum. Representative areas of the abdomen covered by tumor and diaphragm are shown. A, H&E staining of 
a diaphragmatic area demonstrates the presence of several layers of SKOV3 tumor cells adhering on the surface (arrowheads) of the diaphragm (d). 
A layer of cells with darker nuclei on the surface represent PA-1 cells (arrows); X60. B, H&E staining of an area of the diaphragm (d) that is not 
covered by tumor. The peritoneum is free of tumor; two cells are noted on the peritoneal surface, probably representing PA-1 cells (arrow). C, a 
continuous layer of fluorescent PA-1 cells (arrows) is adherent to the tumor cells coating the diaphragm (rhodamine). Arrowheads, the margin of the 
diaphragm; X40. Z), examination of an adjacent area of the diaphragm (d) that is not covered by tumor. Fluorescent PA-1 cells are absent from the 
peritoneum. E, in the same section as C, tissue autofluorescence (blue filter) reveals several layers of SKOV3 tumor cells covering the diaphragm 
under the PA-1 layer. Arrowheads, the margin of the diaphragm; X40. F, in the same section as D, no SKOV3 tumor cells are detected in this area 
of the diaphragm by tissue autofluorescence; X40. 
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Table 2 Preferential binding of PA- 1 cells to EOC in vivo 
To assess the behavior of PA-1 carrier cells in our murine xenograft 
model, we injected fluorescent PA-1 cells i.p. into SKOV3-tumor- 
bearing mice. Eight h later, animals were killed, the parietal peritoneum 
was entirely dissected, and four specimens were prepared containing 
almost entirely the four different segments of the parietal peritoneum 
(diaphragmatic, ventral, lateral left, and lateral right). In addition, ran- 
dom biopsies were obtained from the mesentery and the visceral peri- 
toneum. Twenty random fields/slide (X40) were inspected on five slides 
cut 1 8 |jLm apart from each other from the four different segments of the 
parietal peritoneum and from two sections of mesenteric areas. Fields 
were selected in such a way to contain only tumor surface or tumor-free 
normal peritoneum. The number of fields containing SKOV3 tumor 
with or without adhering fluorescent PA-1 cells and those containing 
normal peritoneum with or without adhering fluorescent PA-1 cells were 
counted. Ps were computed with the x 2 test for 2 X 2 contingency table. 





Tumor present 


Tumor absent 






n (%) a 


n (%) 


Total 


Diaphragmatic peritoneum 








PA-1 present 


82 (91.1) 


20(18.2) 


102 


PA-1 absent 


8 (8.9) 


90(81.8) 


98 


Total 


90 (100) 


110(100) 


200 


Nondiaphragmatic peritoneum 








PA-1 present 


67 (75.3) 


34(14.1) 


101 


PA-1 absent 


22 (24.7) 


207 (85.9) 


229 


Total 


89 (100) 


241 (100) 


330 



a Percentages represent number of observations over total for each 
column. 



absence of ionizing radiation. The administration of the HSV-1 
infected carrier cells into humans will most likely require a 
safeguard such as radiation to eliminate risks from the admin- 
istration of potentially uninfected carrier cells. Therefore, PA-1 
cells were subjected to a single (lethal) dose of 20 Gy 1 h before 
infection, and viral replication was assessed. Burst size experi- 
ments indicated that irradiated PA-1 cells supported viral repli- 
cation with a burst size of 70. 

PA-1 Carrier Cells Preferentially Bind to EOC Surface 
Compared with Normal Peritoneum in Vivo. To assess the 
behavior of the carrier cells in our murine xenograft model, we 
injected fluorescent PA-1 cells i.p into SKOV3 -tumor-bearing 
mice. Overall, we observed that a large number of fluorescent 
PA-1 cells adhered to areas of the diaphragm or other peritoneal 
surfaces that were covered by tumor. In some areas, PA-1 cells 
almost formed a monolayer covering the SKOV3 preexisting 
tumors (Fig. 3, A, C, and E). In contrast, in the absence of tumor 
nodules, there were few and isolated fluorescent PA-1 cells 
attaching to normal peritoneal surfaces (Fig. 3, B, D, and F). 

When the number of tumor fields containing adherent PA- 1 
cells were compared with the normal peritoneum fields contain- 
ing adherent PA-1 cells, we found a significantly higher fre- 
quency of binding of PA-1 cells to tumor surfaces compared 
with normal peritoneum. Specifically, 90 random diaphragmatic 
areas harboring SKOV3 tumor were examined, and 91.1% dis- 
played adherent PA-1 cells, whereas among 110 diaphragmatic 
areas with no tumor examined, only 18.1% displayed PA-1 
adherent cells (P < 0.0001; OR, 49.9; Table 2). If only the areas 
displaying more than 3 PA-1 cells were considered, 91.1% of 
tumor-positive and 6.3% of tumor-negative areas had bound 
PA-1 cells (P < 0.0001; OR, 158.4; not shown). Similar results 
were obtained analyzing lateral or ventral parietal peritoneum 
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Fig. 4 In vitro adhesion of PA- 1 cells on human normal mesothelium 
or ovarian cancer. PA-1 cells were radiolabeled and plated on mono- 
layers of normal mesothelium obtained from three women with benign 
pelvic pathology (Ml, M2, and M3) or on monolayers of established 
ovarian cancer cell lines (PA-1, A2780, SKOV3, OVCAR3, and CaOV3) 
or primary EOC cultures obtained from two patients with advanced 
EOC (OV1 and OV2). Results are expressed as percentage of cells that 
were adherent 30 min after the plating. With the exception of A2780 
cells, a 5- to 8-fold higher affinity of PA-1 cells is noted for ovarian 
cancer monolayers (striped columns) compared with normal human 
mesothelial cells (black columns). 



and mesenteric peritoneum. Among 89 areas examined that 
harbored SKOV3 tumor, 75.3% displayed adherent PA-1 cells, 
whereas among 241 areas with no tumor inspected, only 14.1% 
displayed PA-1 adherent cells (P < 0.0001; OR, 18.6; Table 2). 
If only the areas displaying more than three PA-1 cells were 
considered, 79.8% of tumor-positive and 9.9% of tumor- nega- 
tive areas displayed PA-1 cells (P < 0.0001; OR, 36.1; not 
shown). 

PA-1 Carrier Cells Preferentially Bind to EOC Surface 
Compared with Normal Peritoneum in Vitro. The observed 
differences may have been related to molecular factors control- 
ling cell-cell interactions between PA-1 cells and murine me- 
sothelial cells. Alternatively, they may have been related to 
physical forces governing peritoneal fluid circulation, which 
might direct both SKOV3 tumor cells and PA-1 cells toward the 
same peritoneal sites. In addition, they may have been caused by 
decreased affinity of PA-1 teratocarcinoma cells to murine tis- 
sues as compared with human tissues. To analyze the interaction 
of PA- 1 cells with human EOC and normal peritoneal cells, we 
performed in vitro adhesion assays comparing the adhesion of 
PA-1 teratocarcinoma cells with normal human peritoneum me- 
sothelial cells, several EOC cell lines, and primary EOC cultures 
(Fig. 4). These experiments indicated that PA-1 teratocarcinoma 
cells displayed significantly higher binding to ovarian cancer 
cells compared with normal human mesothelium (P < 0.001 for 
each mesothelial culture versus each ovarian cancer primary 
culture or cell line except A2780). To assess the effect of 
radiation or HSV infection on PA-1 adhesion, we compared the 
adhesion of PA-1 teratocarcinoma cells with different ovarian 
cancer cell lines after radiation, after infection with HSV-1 7 16, 
or after both treatments. No significant effects of these treat- 
ments were observed on PA-1 adhesion (data not shown). 

PA-1 Carrier Cells Effectively Deliver HSV-1716 in 
Vivo. To assess the suitability of carrier cells for the delivery 
of HSV-1716 in vivo, we compared the effects of HSV-1716 
administered directly with the effects of HSV-1716 delivered 
via PA-1 cells. One week after the administration of A2780 
tumor cells, SCID mice received a single i.p. administration of 
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Fig. 5 In vivo effect of HSV-1716 on A2780 tumor growth. SCID mice 
received injections of 1 X 10 6 A2780 cells i.p., and control animals were 
killed 1 week later to assess i.p. tumors (Pretreatment, black bar; n — 
5). At that time, animals received treatment with i.p. HSV-1716 at 5 X 
10 6 pfu/animal (HSV1716; n = 10) or with radiated PA-1 cells infected 
with HSV-1716 [5 X 10 6 cells/animal, infected at 2 MOI (PA-1 
HSV 17 16); n = 10]. Control animals received i.p. media (Medium; n = 
10) or radiated PA-1 cells (PA-1; n = 10). There was a significant 
reduction in tumor growth 4 weeks after a single i.p. administration of 
the virus compared with controls treated with media (P < 0.01) and an 
even larger reduction after the administration of PA-1 cells infected with 
HSV-1716 compared with their respective controls (P < 0.001). The 
progression of disease was completely stabilized 4 weeks after a single 
administration of HSV-infected PA-1 cells. (*, P < 0.01; ** P < 
0.001). 



virus alone or HSV-infected PA-1 cells (Fig. 5). Control animals 
received media or uninfected/irradiated PA-1 cells, respectively. 
Four weeks later, a significant increase in tumor weight was 
noted in control animals receiving media (20 ± 2.5 g; n = 20) 
or irradiated PA-1 cells (22.3 ± 3 g; n = 20) compared with 
pretreatment animals (1.9 ± 0.1 g; n = 5; P < 0.001, both). The 
administration of HSV-1716 alone (n = 20) allowed for a small 
increase in tumor weight (3.4 ± 0.2 g) compared with pretreat- 
ment animals (P < 0.05), whereas the injection of PA-1 infected 
with HSV-1716 (n = 20) resulted in the stabilization of disease 
(2 ± 0.2 g) compared with pretreatment animals (P = 0.198). 
Tumors in HSV-treated animals or in those treated with HSV- 
infected carrier cells were significantly smaller compared with 
those of their control counterparts receiving media (P < 0.01) or 
receiving uninfected PA-1 cells (P < 0.001), respectively. 
Moreover, tumors in animals treated with HSV-infected carrier 
cells were significantly smaller compared with those receiving 
HSV-1716 alone (P < 0.05). 

Similar results were obtained in experiments carried out 
with SKOV3 cells injected i.p. (5 X 10 6 /animal) into SCID mice 
(Fig. 6). One week after the injection of tumor cells, control 
animals received media (group 1, n = 20) or irradiated PA-1 
cells (group 2, n = 20), whereas treated animals received a 
single i.p. injection of virus (group 3, n = 20) or HSV-infected 
PA-1 carrier cells (group 4, n = 20), respectively (Table 3). 
Animals from each group were killed at 4 and 7 weeks after 
treatment. Control animals from group 1 receiving media alone 
(n = 10) displayed a 6-fold increase in tumor weight (P < 0.01) 
and an extensive spread of disease at 4 weeks (score, 15.5/16) 
compared with pretreatment animals killed at 1 week (n = 5; 
tumor score, 2.5/16). A 10- fold increase in tumor weight (P < 
0.001 versus pretreatment) and further tumor spread (score, 



16/16) was noted at 7 weeks (n = 10). Control animals from 
group 2, receiving irradiated PA-1 cells (n = 10), displayed a 
6.5-fold increase in tumor weight (P < 0.001 versus pretreat- 
ment) and extensive tumor spread (score, 15.9/16) at 4 weeks 
(Table 3). A 12-fold increase in tumor weight (P < 0.001 versus 
pretreatment) and diffuse spread (score, 16/16) were noted at 7 
weeks (n = 10). There was no significant difference in tumor 
growth or tumor spread between the control groups receiving 
media or irradiated PA-1 cells. Animals treated with HSV-1716 
(group 3, n = 10) displayed significantly less tumor growth 
(P < 0.001) and spread (score, 2.5/16) at 4 or 7 weeks compared 
with control group 1 (Table 3). Group 3 displayed no difference 
in tumor weight at 7 weeks from pretreatment animals (P = 

0. 61), which suggests a stabilization of disease. Animals receiv- 
ing HSV-infected carrier cells (group 4) also had significantly 
smaller tumors (P < 0.001) and less tumor spread (score, 2/16) 
at 4 and 7 weeks than their control group 2 (Table 3). Group 4 
showed no tumor progression at 4 weeks (P = 0.43) and 
significant tumor regression by week 7 (P < 0.05 versus pre- 
treatment). In addition, group 4 had a significantly smaller 
tumor burden at 7 weeks than HSV-1716-treated animals (group 
3, P < 0.05; Table 3). Remarkably, in the group receiving 
HSV-infected PA-1 producer cells, 20% of the animals dis- 
played no detectable disease either grossly or under the dissect- 
ing microscope at 4 weeks (n = 4 of 20) or at 7 weeks (n = 4 
of 20). 

To assess the carcinogenic potential of PA-1 carrier cells, 
6 -8- week-old SCID mice (n = 10) were given i.p. injections of 
5 X 10 6 irradiated PA-1 cells infected with HSV-1716 at 2 MOI. 
Animals were followed for 16 weeks and then killed to evaluate 
the presence of i.p. tumors. No microscopic or gross tumor was 
detected. In addition, 10 animals were given injections in the 
flank with 5 X 10 6 PA-1 cells, which were prepared in a similar 
manner. Similarly, no tumor was detected over 16 weeks. 

The Use of HSV-infected Carrier Cells Prolongs the 
Survival of SKOV3 Tumor-bearing Animals. Survival ex- 
periments carried out in animals bearing SKOV3 tumors con- 
firmed the oncolytic activity of HSV-1716 on EOC (Fig. 7). A 
single dose of HSV-1716 was administered 4 weeks after the 
injection of tumor cells, a time in which there would be a sizable 

1. p. tumor burden (Table 3). This resulted in the approximate 
doubling of the mean survival time (17 weeks; n = 20) com- 
pared with that for control animals receiving media alone (9 
weeks; n = 20; P < 0.001). Moreover, the administration of 
HSV-infected PA-1 cells (n = 20) allowed for a slightly longer 
mean survival time compared with the administration of HSV- 
1716 (20 weeks; P < 0.01 versus HSV-1716 alone). 

Similar experiments were performed in animals bearing 
A2780 tumors: the injection of a single dose of HSV-1716 4 
weeks after the injection of tumor cells, a time in which there 
would be extensive i.p. tumor, also led to the doubling of animal 
survival (13 weeks, n = 20) compared with controls (6 weeks, 
n = 20; not shown). PA-1 cells infected with HSV-1716 did not 
result in any further increase in mean animal survival time (13.5 
weeks, n = 20) compared with the administration of HSV-1716 
alone (P = 0.987). However, when some of the moribund 
animals in the treated groups were killed, the amount of i.p. 
tumor encountered was minimal in HSV-treated animals (1.9 ± 
0.4 g; n = 4) and even smaller in PA-1 /HSV-treated animals 
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Fig. 6 In vivo effect of HSV-1716 on SKOV3 tumor growth. SCID mice were given i.p. injections of 5 X 10 6 SKOV3 cells and 1 week later received 
treatment with i.p. HSV-1716 (5 X 10 6 pfu) or PA-1 cells (5 X 10 6 cells) previously radiated and infected with HSV-1716 (2 MOI). Control animals 
received i.p. media or radiated PA-1 cells. Animals were killed 4 weeks later. A, large tumor nodules extend throughout the entire surface of the 
diaphragm in control animals (yellow arrows) after ascites was removed. Arrowhead, nodule at the hepatic hilum. B, microscopic evaluation reveals 
solid tumor sheets. C, a significant reduction in tumor growth is seen after a single i.p. administration of HSV-1716; only a few tumor nodules are 
present on the diaphragm (yellow arrows) and in other peritoneal areas. D, microscopic evaluation reveals tumor nodules with necrosis and cell 
vacuolization surrounded by connective tissue (yellow arrows), which suggests a desmoplastic reaction to HSV-infected tumor. Solid tumor sheets 
have grown around this nodule. E, a more pronounced tumor reduction is documented after the administration of HSV-infected PA-1 cells. No large 
tumor nodules are noted. Occasional miliary nodules are seen on the diaphragm (open arrow); a nodule at the hepatic hilum is also noted (arrowhead). 
Similar reduction was observed in other areas of the peritoneal cavity. F, microscopic evaluation reveals few layers of tumor cells on the diaphragm 
in areas with miliary nodules. 



Table 3 Enhancement of HSV-1716 treatment by carrier cells 
in vivo 

To assess the efficacy of HSV-1716 to treat EOC and the suitability of 
carrier cells for the delivery of HSV-1716 in vivo, we compared the effects 
of HSV-1716 administered directly i.p. with the effects of HSV-1716 
delivered via PA-1 carrier cells injected i.p. after radiation and in vitro 
infection. All of the animals (SCID mice) received a single i.p. injection of 
5 X 10 6 SKOV3 cells. Control animals received media (group 1, n = 20) 
or irradiated PA-1 cells (group 2, n = 20) 1 week later. Treated animals 
received a single i.p. injection of virus (group 3, n = 20) or HSV-infected 
PA- 1 carrier cells (group 4, n = 20) 1 week later. Animals from each group 
were killed at 4 and 7 weeks after treatment. Tumors were dissected and 
weighed. Weights are expressed in mg and values are expressed as the 
mean ± SE. Pretreatment weight = 0.214 ± 0.032 mg. 



Group 
No. 



Weight at posttreatment 



Treatment 



4 wk 



7 wk 



1 


Media 


1.225 


+ 


0.09* 


2.256 




0.06 & 


2 


Irradiated PA-1 


1.412 




0.01* 


2.494 


+ 


0.16* 


3 


HSV-1716 


0.225 


+ 


0.03 c 


0.380 


+ 


0.06 d 


4 


PA-l/HSV-1716 


0.185 


+ 


0.04 e 


0.131 


+ 


0.09 / 



a P < 0.01 versus pretreatment. 
b P < 0.001 versus pretreatment. 
c P < 0.001 versus control group 1 at 4 weeks. 
d P < 0.01 versus control group 1 at 7 weeks. 
e P < 0.01 versus control group 2 at 4 weeks. 
f P < 0.001 versus control group 2 at 7 weeks; P < 0.05 versus 
pretreatment; P < 0.05 versus group 3 (HSV-1716 alone) at 7 weeks. 
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Fig. 7 In vivo effect of HSV-1716 on the survival of SCID mice bearing 
SKOV3 tumors. SKOV3 cells (5 X 10 6 ) were injected i.p., and 4 weeks 
later, animals received treatment (arrow) with HSV-1716 (5 X 10 6 pfu/ 
SCID mouse, n = 20, A) or PA-1 cells infected with HSV-1716 at 2 MOI 
(5 X 10 6 /SCID mouse, n = 20, O). Control animals (n = 20, ■) received 
media alone. Curves represent the sum of two experiments carried out under 
identical conditions. A significant prolongation of survival is noted after i.p. 
injection of HSV-1716 (P < 0.001 versus controls). An even more dramatic 
prolongation is noted after the administration of HSV-infected PA-1 cells 
(P < 0.001 versus control; P < 0.01 versus HSV-1716 alone). 



(0.9 ± 0.4, n = 3). Of note, these animals displayed large 
tumors at the abdominal injection site, which were ulcerated and 
necrotic. These findings suggested that death may have ensued 
because of infectious or tumor-related complications stemming 
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Fig. 8 Microscopic features of tumor infected by HSV- 1716. a, H&E staining of control untreated A2780 tumor reveals solid sheets of tumor cells 
with well-established vascularization (v); X10. b, higher magnification (X100) reveals numerous mitoses {white arrows) and capillaries (v). c, H&E 
staining of SKOV3 tumor treated with HSV- 1716 — delivered i.p. directly or via PA-1 producer cells — results in extensive tumor necrosis; X10. d, 
higher magnification (X100) reveals marked cell vacuolization, suggestive of HSV-induced cytopathic effects. Occasional polymorphonucleates are 
seen in the tumor (black arrow), e, HSV-treated tumor with extensive vacuolization incubated with preimmune rabbit serum (negative control); X 100. 
/, HSV-treated tumor displaying extensive vacuolization incubated with a polyclonal antibody against HSV-1 antigens (X100). Intense HSV staining 
is noted in most cells displaying vacuolization. Some cells show features of necrosis but do not stain for HSV (arrows), which suggests possible 
bystander killing mechanisms, g, low-power view of SKOV3 tumor treated with a single i.p. dose of PA-1 cells (5 X 10 6 pfu/SCID mouse) infected 
with HSV- 17 16 at 2 MOI; X6. Extensive areas of the tumor show strong staining for HSV, indicating deep penetration of the virus within the nodule. 
h, low-power view of SKOV3 tumor treated with a single i.p. dose of HSV-1716 (5 X 10 6 pfu/SCID mouse); X6. Immunohistochemistry for HSV-1 
antigens reveals areas of viral infection penetrating deep in the nodule. Application of HSV-1716 alone is followed by less extensive tumor infection 
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from the injection-site tumors. This was in sharp contrast to the 
untreated animals, which carried very bulky i.p. tumors (22.7 ± 
3.1 g, n = 4), most of which were associated with hemorrhagic 
ascites. 

HSV-1716 Penetrates Deeply in Tumor Nodules and 
Causes Extensive Necrosis in a Dose-dependent Manner. 

Microscopic examination of control untreated tumors revealed 
solid sheets of tumor with well-established vascularization (Fig. 
8<z), and examination under higher magnification revealed nu- 
merous mitoses (which indicated rapid tumor growth), many 
capillaries, and no inflammatory infiltrate (Fig. Sb). On the 
contrary, tumors collected from animals treated with HSV-1716 
or with HS V-infected producer cells revealed extensive necrosis 
(Fig. 8c). Examination at high power revealed extensive cell 
vacuolization, suggestive of HSV-induced CPE (Fig. 8d). Oc- 
casional polymorphonucleate leukocytes were also visible 
within the necrotic areas of the tumor. Immunohistochemistry 
against HSV-1 revealed the presence of virus within the necrotic 
areas, in which many vacuolized cells stained strongly for 
HSV-1 (Fig. 8/). Interestingly, some nearby cells displaying 
features of cell death did not stain for HSV-1, which suggests 
the existence of bystander killing mechanisms. In treated ani- 
mals, the virus invaded deeply in solid tumor nodules, within 
which distinct areas of viral spread were noted several weeks 
after a single i.p. injection (Fig. 8, g and h). Immunohistochem- 
istry evaluation of tumors obtained from animals treated with 
HS V-infected PA-1 cells revealed even larger areas of viral 
infection penetrating deeply within the tumor nodules (Fig. 8g) 
compared with animals treated with HSV-1716 alone (Fig. 8/*). 
Areas of viral infection were primarily found in the interface 
between uninfected tumor and areas of necrosis, which suggests 
that, by virtue of its replication, the virus advanced into the 
tumor leaving behind an area of necrosis (Fig. 8/). In keeping 
with data reported previously with HSV-1716 (32), no HSV-1 
staining was detected in normal murine tissues (Fig. 8, £, /, and 
m) such as liver, pancreas, kidney, adrenal, spleen, small bowel 
myenteric plexus, or brain of treated animals. 

DISCUSSION 

In this study, we sought to determine the efficacy of atten- 
uated HSV-1716 in treating human EOC. ICP34.5 mutants such 
as HSV-1716 have proven effective in treating experimental 
CNS malignancies (12, 15, 16, 19, 20, 22, 30, 31), s.c. mela- 
noma, and metastatic melanoma to the brain (23, 34). Moreover, 
it was previously shown to exert an oncolytic effect on malig- 
nant mesothelioma, a localized peritoneal tumor (32). In the 
present study, we show that i.p. administration of HSV-1716 to 
tumor-bearing animals resulted in significant reduction or arrest 
of tumor growth. The effect of a single i.p. dose to stabilize i.p. 
disease was noted even with bulky tumors and with different 



cell lines. Further confirming the effect of the virus, a single 
administration of HSV-1716 resulted in significant survival 
advantage in both of the models studied. 

The mechanism by which HSV stabilized tumor growth in 
the SCID model is attributable to its direct oncolytic effect. In 
vitro, this virus was shown to exert a direct lytic effect on EOC 
cell lines and primary cultures, i.p. tumors in treated animals 
displayed large areas of necrosis, which were related to infection 
by the replication-competent HSV-1 mutant. Our immunohisto- 
chemistry studies confirmed that the virus penetrated deeply 
into the tumor tissue and was present within, or adjacent to, 
areas of necrosis. In those areas, tumor cells displaying frag- 
mentation, necrosis, or CPE, stained positive for HSV. Of note, 
within the areas of necrosis, many necrotic- appearing cells did 
not display immunopositivity for HSV-1 antigens. Although 
HSV antigens may have degraded, another interpretation is that 
cell death may have been caused by different mechanisms than 
direct HSV-1 infection. Recently, Brandt etal (37) reported that 
the antitumor effect of a recombinant-attenuated HSV-l/HSV-2 
strain was disproportionately extensive compared with viral 
spread in the tumor. Taken together, these data suggest that 
bystander killing mechanisms may also mediate the oncolytic 
effects of HSV-1 mutants. Similar bystander mechanisms in- 
ducing apoptosis in vitro and in vivo were recently reported for 
wild-type HSV-1 (38, 39). 

HSV-1716 actively infected tumor nodules, but there was 
no evidence of viral spread within normal murine tissues by 
immunohistochemistry. Although there is no current mechanis- 
tic explanation for the tumor selectivity of ICP34.5-deficient 
HSV mutants, this selectivity has been documented in multiple 
models in vitro and in vivo (15, 18-20, 23, 26, 28, 30-32, 34). 
Brown et al. (40), reported that HSV-1716 replication is se- 
verely restricted in terminally differentiated cells compared with 
tumor cells, whereas wild-type HSV-1 can usually replicate 
equally well in both cell types. Moreover, human keratinocytes 
were shown to support HSV-1716 replication much less than 
wild-type HSV in vitro and in normal human skin xenografts 
(28). Our group previously reported that i.p. inoculation of 
HSV-1716 into SCID mice did not result in viral spread to 
normal murine tissues by immunohistochemistry and PCR anal- 
ysis (32). It is possible that different susceptibility to HSV 
infection between murine and human cells might have partly 
affected these results. Nevertheless, the SCID mouse is very 
sensitive to wild-type HSV-1 (32), suggesting that the lack of 
spread of HSV-1716 is due to its attenuation. Additional exper- 
iments may be needed to confirm the tumor selectivity of these 
mutants in the human. 

Our in vitro results indicated that there was a clear dose- 
related effect of the virus. Because large-scale production of 
mutant HSV may offer significant technical difficulties, meth- 



and necrosis compared with the application of HS V-infected PA-1 cells, i, higher magnification of viral infection area from h; X40. The viral plaque 
is located in the interface of a large area of necrosis (asterisks) and normal uninfected tumor, which suggests that the virus, by virtue of its replication, 
advances within the tumor nodule (arrows), leaving behind an area of necrosis, j, detail from an area of necrosis lying peripherally to the viral plaque 
in h; X100. Cellular debris and necrotic cells staining for HSV are noted, k, HSV immunohistochemistry in a SKOV3 tumor nodule adjacent to the 
liver capsule (arrows). Note a viral plaque extending throughout the tumor nodule but not to the liver parenchyma; X40. / and m, detail from pancreas 
(/) and liver (m) parenchyma demonstrating the absence of viral staining at high magnification; X100. 
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odologies to amplify the viral load delivered to the animals will 
be very useful. We hypothesized that the use of carrier cells 
could represent one such methodology. With this approach, 
appropriate cells supporting HSV replication (carrier cells) 
would be infected in vitro with HSV virions and subsequently 
injected in proximity of the tumor, where they would eventually 
burst, releasing a large amount of active viral particles. Cell- 
based therapies using homologous or heterologous cells have 
been designed previously for tumor vaccines (41-44). In the 
present work, we elected to use the human teratocarcinoma 
PA-1, a well-characterized cell line (36), as an HSV carrier cell 
line. This line has been approved by the Food and Drug Ad- 
ministration for i.p. use in humans and is already being used in 
a Phase 1 clinical trial for vaccine therapy of ovarian cancer 
(45). In vitro, we observed a 70-fold amplification of the virus 
in irradiated PA-1 cells within 24 h. The efficacy of PA-1 cells 
to deliver HSV was then tested in vivo. To minimize the artifact 
potentially produced by the administration of different viral 
loads between animals receiving virus alone and animals receiv- 
ing infected carrier cells, the minimal amount of viral particles 
capable of infecting 100% of PA-1 cells was estimated by flow 
cytometry. Our results indicated that 100% of PA-1 cells were 
infected at two MOT Theoretically, carrier cells were initially 
infected on average by one or at most two viral particles at two 
MOL Therefore, inoculation of an equal number of HSV parti- 
cles or PA-1 cells infected at two MOI should represent com- 
parable amounts of viral loads initially administered to the 
animals. HSV-1716 administered via carrier PA-1 cells led to a 
reduction in tumor volume and tumor spread that was significant 
compared with virus alone in both of the models used. In the 
SKOV3 model, the carrier cell strategy also led to a significant 
prolongation of animal survival compared with virus alone. In 
the A2780 model, mean animal survival was not significantly 
prolonged by the utilization of the carrier cells. However, sur- 
vival may not have been the best end point to assess the effect 
of the i.p. treatment in this model. In our experiments, moribund 
A2780-bearing animals that had been treated with virus har- 
bored minimal i.p tumors, and animals treated with carrier cells 
harbored even smaller tumors, whereas untreated animals car- 
ried large i.p. tumors. On the other hand, all of the A2780- 
bearing animals carried large s.c. tumors that were not affected 
by the i.p. treatment and may have impacted survival (32). It is 
possible that survival would have been different in the absence 
of these s.c. tumors. Nevertheless, it is impossible to exclude 
other reasons for the failure of HSV-infected carrier cells to 
improve survival in comparison with virus treatment alone in 
A2780 tumors. 

Although additional studies are needed to fully explore the 
benefits of using carrier cells, the present study supports the 
concept that the utilization of carrier cells may have a role in 
HSV-based oncolytic therapies. Our results indicate that carrier 
cells successfully deliver the virus i.p. and result in tumor 
reduction that is at least equivalent to, or better than, virus alone 
in the immunodeficient host. Our immunohistochemistry studies 
showed that the utilization of carrier cells resulted in larger areas 
of i.p. tumors being infected by the virus and in deeper pene- 
tration of the virus within tumor nodules compared with virus 
administered directly. Two possible mechanisms may account 
for this: (a) based on our in vitro observations, the lysis of 



infected carrier cells within the peritoneal cavity may have 
released high amounts of viral particles within the peritoneal 
fluid; and (b) because HSV is known to propagate also by direct 
cell-to-cell spread (46, 47), carrier cells may have promoted 
direct cell-to-cell viral infection of the tumor by directly binding 
to EOC cells. It is attractive to speculate that by virtue of viral 
amplification and through direct adhesion of carrier cells to 
tumor cells, a significantly larger amount of virus actually 
infected the i.p. tumors. Although immune neutralization of 
HSV was not an issue with the SCID model, this may occur in 
the peritoneal cavity of an immunocompetent host by comple- 
ment or by neutralizing antibodies (48) that may be present in 
the peritoneal fluid. In fact, antiherpes antibodies are highly 
prevalent in the adult population (49). The utilization of a cell 
carrier system to deliver the virus may partly circumvent this 
barrier because cell-to-cell spread is less affected by neutraliz- 
ing antibodies than infection by free virus (46, 47). 

The in vivo distribution of carrier cells after i.p. adminis- 
tration is intriguing. PA-1 cells seemed to adhere predominantly 
to areas of peritoneum that were covered by established tumor 
and not to close-by areas of normal peritoneum. There was a 
close correlation between the presence of tumor and PA-1 cells 
as calculated by ORs. It is possible that the physical forces 
governing fluid migration within the peritoneal cavity were 
partially responsible for this effect or that species-related dif- 
ferences in the affinity of interaction may have influenced these 
findings. However, our in vitro studies performed with human 
normal mesothelial cells showed that PA-1 cells bound predom- 
inantly to EOC surfaces compared with normal human mesothe- 
lium. This finally suggests that cell-cell interactions may also 
play a role in promoting the adhesion of PA-1 producer cells to 
tumor compared with normal mesothelium. The molecular 
mechanisms underlying these interactions were beyond the fo- 
cus of the present study. Other cell lines may support HSV 
replication well and also display high affinity of interaction with 
ovarian cancer cells. These issues are currently being investi- 
gated. 

The ultimate fate of carrier cells after i.p. inoculation may 
pose some safety concerns. In a clinical context, there must be 
certainty that carrier cells will not survive. In the present study, 
we "sterilized" carrier cells with lethal ionizing radiation. An 
argument could be made that this extra step was not necessary 
inasmuch as these cells are very sensitive to HSV-induced 
killing. In fact, radiation decreased viral amplification and may 
have adversely affected efficacy. However, the possibility of 
clinical applications of carrier cells warrants that safety be 
ensured. If few carrier cells escape infection by HSV in vitro, a 
carcinogenic potential would emerge. Recently, Advani et aL 
(50) reported that malignant glioma cells displayed higher viral 
replication of HSV R3616, another ICP34.5" mutant, after 
exposure to similar amounts of ionizing radiation. Although the 
molecular mechanisms underlying this enhancement are un- 
known, the authors speculated that ionizing radiation may in- 
duce specific cellular genes, complementing the defects result- 
ing from the deletion of ICP34.5 in the virus and leading to an 
increased ability of the virus to replicate in the host cells. 
Although radiation-induced enhancement may not occur in the 
case of PA-1 cells infected with HSV-1716, there may be other 
cell lines that respond to radiation in a manner similar to glioma 
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cells and may become more suitable for HSV-1716 carrier 
strategies. It should be noted, also, that R3616 and 1716 are 
derived from two different wild-type prototypes, namely 
HSV(F) and Glasgow HSV17 + strains, respectively, which dif- 
fer in several genes including ICP4 (51, 52). These intrinsic 
differences between the two viruses may account for the ob- 
served different response to radiation. 

A potential advantage offered by the utilization of a carrier 
cell line in HSV-based oncolytic therapy relates to the possibil- 
ity of manipulating these cells as follows: 

(a) the identification of molecules mediating the interaction 
between carrier cells and tumor cells or normal human mesothe- 
lial cells may allow for the engineering of carrier cells that 
exhibit enhanced preferential binding to tumor cells (but not to 
normal mesothelium) or that promote greater cell-to-cell viral 
spread; 

(b) molecular engineering of carrier cells may increase 
their ability to support viral replication; 

(c) molecular manipulation of carrier cells could aid in 
circumventing natural or acquired host immune mechanisms. 
For example, carrier cells could be manufactured to secrete 
truncated HSV-like glycoproteins that inactivate complement 
(gC) or antibodies (gE) (53-55). Carrier cells could also be 
engineered to secrete immunomodulatory cytokines. Interleu- 
kin-12 (IL-12) and IL-4 were recently shown to enhance the 
efficacy of HSV-based oncolysis (56, 57); and 

(d) a vaccine antitumor response in selective patients might 
be generated. It is interesting to note that an antitumor vaccine 
clinical trial for the treatment of advanced EOC has been initi- 
ated using HSVffc-enriched PA-1 cells (45). The lysis of PA-1 
cells after the administration of ganciclovir is anticipated to 
trigger an antitumor immune response. Similarly, HSV-infected 
carrier cells may lyse on the surface of i.p. tumors, increasing 
the recruitment of antigen-presenting cells and mononuclear 
cells to the site of injection (58). This may augment the imme- 
diate oncolytic effect of the virus and, by unmasking tumor 
antigens, possibly lead to a sustained vaccine effect. 

In conclusion, the present study demonstrates that EOC 
is extremely sensitive to attenuated HSV-1. These findings 
may have significant implications for both oncolytic as well 
as gene therapy of EOC. In fact, attenuated HSV-1 mutants 
may be used as gene therapy vectors with significant advan- 
tages over replication-incompetent adenoviral or retroviral 
vectors (21). In addition, oncolytic attenuated HSV-1 strains 
are being engineered with progressively increased specificity 
(59, 60), and the insertion of immunomodulatory (56, 57) or 
corrective genes (59, 60) may further increase the efficacy of 
these agents. The present study also investigated the use of 
carrier cells and showed that this methodology may be useful 
in viral-based i.p. therapies. Theoretical advantages offered 
by a carrier-cell approach include amplification of the viral 
load and possibly enhanced local delivery afforded by carrier 
cells binding to the tumor and mediating direct cell-to-cell 
viral delivery. Additional potential advantages of a carrier 
cell system may relate to the possibility of manipulating the 
cells to maximize viral replication, to enhance binding to 
tumor surfaces, and to mediate evasion from immune-medi- 
ated viral inactivation as well as to possibly generate an 
antitumor vaccine effect. 
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Malignant gliomas remain largely incurable despite intensive 
efforts to develop novel therapies. Replicating oncolytic 
viruses have shown great promise, among them attenuated 
measles viruses of the Edmonston B strain (MV-Edm). 
However, host immune response and the infiltrative nature 
of gliomas limit their efficacy. We show that human blood 
outgrowth endothelial cells (BOECs), readily expandable from 
peripheral blood, are easily infected by MV-Edm and allow 
replication of MV-Edm while surviving long enough after 
infection to serve as vehicles for MV-Edm (BOEC/MV-Edm). 
After intravenous and peritumoral injection, BOEC/MV-Edm 



deliver the viruses selectively to irradiated orthotopic U87 
gliomas in mice. At the tumor, MV-Edm produced by the 
BOECs infect glioma cells. Subsequent spread from tumor 
cell to tumor cell leads to focal infection and cytopathic effects 
that decrease tumor size and, in the case of peritumoral 
injection, prolong survival of mice. Since MV-Edm within 
BOECs are not readily neutralized and because BOEC/MV- 
Edm search and destroy glioma cells, BOEC/MV-Edm 
constitute a promising novel approach for glioma therapy. 
Gene Therapy advance online publication, 27 September 2007; 
doi:10.1038/sj.gt.3303027 
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Introduction 

Nearly all patients with malignant gliomas die from their 
disease and prognosis has improved only little over 
decades. The efficacy of locoregional therapies such as a 
surgical resection, irradiation, radioimmunotherapy and 
gene therapy is modest at best. One major reason is the 
limited delivery of the therapeutic moiety to the glioma 
cells. This is exemplified by the failure of gene therapy, 
which, when directly aimed against glioma cells, is 
hampered by low gene transfer efficacy requiring a 
complete bystander effect impossible to achieve. A 
second major reason for the failure of existing local 
therapies is the infiltrative growth of malignant glioma 
leading to the formation of glioma cell clusters isolated 
within normal brain tissue. These are inaccessible with- 
out risking destruction of normal brain tissue. Systemic 
therapy is also inefficient in glioma patients despite 
recent advances. This is in part due to the blood-brain 
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barrier, which, although impaired, remains partially 
functional in malignant gliomas and hinders their 
systemic therapy by drugs, DNA or viruses. 

Replicating oncolytic viruses are emerging as a 
promising modality for the treatment of malignant 
gliomas and other malignancies. They promise to over- 
come the problem of limited delivery of the therapeutic 
agent since, in principle, the successful infection of only a 
few tumor cells should suffice for subsequent spread to 
most tumor cells. A variety of replicating oncolytic 
viruses are being investigated. A recent addition to this 
arsenal is attenuated measles virus of the Edmonston B 
vaccine strain (MV-Edm; reviewed in Nakamura and 
Russell 1 and Fielding 2 ). MV-Edm infects cells by pre- 
ferentially binding to CD46 34 rather than to CD150, as 
wild-type MV does. The higher density of CD46 on 
malignant cells, including malignant gliomas, 5 compared 
to non-malignant cells contributes to the preferential 
killing of tumor cells by MV-Edm. 6 Once MV-Edm has 
infected tumor cells it spreads to noninfected tumor 
bystander cells by cell-to-cell contact. 7,8 MV-Edm- 
infected tumor cells form syncytia 9 induced by the 
F-protein of the virus, eventually leading to cell death 
that includes programmed cell death. 10 MV-Edm has 
been shown in animal models to have oncolytic activity 
against human lymphoma, 9 multiple myeloma, 11 ovarian 
cancer, 1213 malignant glioma, 5 fibrosarcoma 14 and 
against cutaneous T-cell lymphoma in patients. 15 

As for other replicating oncolytic viruses, host immune 
response and cellular barriers limit infection by and 
intratumoral spread of MV-Edm, respectively. MV is 
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readily neutralized by serum antibodies from humans 
immune to measles, which is true for most adults. 
Although cancer patients are usually immunocompro- 
mised and the brain may be an 'immune-privileged 7 site, 
an immune response against MV-Edm may still be 
mounted, limiting infection of gliomas by MV-Edm. As 
the spread of MV-Edm depends on tumor-cell-to-tumor- 
cell contact, noninfectable cells such as most non- 
malignant cells will impede the spread of MV-Edm. This 
problem is accentuated in malignant gliomas because of 
their propensity for infiltrative growth. 

Various cellular vehicles can be envisioned to deliver 
therapeutic agents to experimental brain tumors. These 
include neural progenitors derived from the patient, 
from cadavers or fetuses, or generated from embryonic 
stem cells. However, clinical, logistical, immunological 
and ethical considerations will limit their use (reviewed 
in Jarmy et a/. 16 ). In contrast, bone marrow-derived 
cells, known to target experimental tumors including 
gliomas, 1719 are more easy to procure. Blood outgrowth 
endothelial cells (BOECs), in particular, are readily 
obtained from human peripheral blood. 20 They can be 
massively expanded ex vivo and lend themselves to 
genetic manipulation. BOECs are progenitor cells with 
a microvascular endothelial phenotype 20,21 expressing 
VEGFR2, VEGFR1, vWF, CD31, VE-cadherin, a v p 3 , a v (3 5 
and CD105. They do not or only marginally express 
CD133, c-kit, CD45, CXCR4, ESL (E-selectin ligand), 
CD162, cutaneous lymphocyte-associated Ag, CD49d, 
CDlla and CDllb. The expression of CD34 varies. 
BOECs take up acetylated low-density lipoprotein and 
build vessel-like structures on Matrigel. BOECs have 
been shown to seek experimental tumors, invade them 
and incorporate into tumor structures. 21 However, when 
armed with the cytosine deaminase gene and adminis- 
tered intravenously (i.v), they did not prolong the life of 
mice bearing disseminated metastases of Lewis lung 
carcinoma 21 A major reason for this failure was the 
temporary and spatially limited bystander effect on 
tumor cells, the limitation being caused by suicide of 
the BOECs upon prodrug administration. 

We reasoned that combining the tumor-seeking and 
protective ability of BOECs with the sustained and far 
reaching oncolytic 'lateral effect 7 of attenuated measles 
virus might control experimental brain tumors. We show 
in this study that MV-Edm within BOECs are protected 
against MV-neutralizing serum antibodies and are 
carried in mice through normal brain tissue to orthotopic 
malignant glioma cells, infect them, decrease tumor size 
and increase survival. 



Results 

BOECs express CD46 and can be infected by 
MV-Edm while being resistant to MV-Edm-mediated 
ceil death 

To employ BOECs as tumor-targeting cellular vehicles 
for MV-Edm, we first had to verify whether BOECs can 
be infected by MV-Edm. Expression of CD46, the 
preferred receptor for MV-Edm, on BOECs was strong 
and comparable with U87 glioma cells, A549 lung 
carcinoma cells and the myelomonocytic leukemia cell 
line K562, and was markedly stronger than on mono- 
cytes (Figure la). 



We then determined whether MV-Edm infect and 
replicate within BOECs. Indeed, the virus titer (TCID 50 ) 
of lysates of BOECs infected with MV-Edm increased 
139-fold as compared to the virus inoculum within 3 
days after infection (Figure lb). Human monocytes, 
another potential cellular vehicle for MV, also supported 
MV replication, whereas replication in human lympho- 
cytes was limited (Figure lb). Despite efficient replica- 
tion, the majority of BOECs did not succumb to MV 3 
days after infection (Figure lc), in contrast to monocytes. 
Thus, BOECs, but not monocytes or lymphocytes, 
support replication of MV for several days without 
dying. 

While BOECs initially resisted MV-induced cell death, 
human cancer cell lines, such as A549 lung carcinoma 
and U87 glioma cells, were readily killed by MV-Edm 
(Figure Id). 

Infection with MV-Edm may change homing- 
associated surface molecules of BOECs. However, no 
change in the expression of VEGFR2 (KDR), CXCR4, 
VE-Cadherin, a v (3 5 , CDlla, CDllb, CD49d, CD162 and 
cutaneous lymphocyte-associated Ag was detected 1 and 
24 h after infection (data not shown). 

Taken together, BOECs could be infected by MV-Edm 
without being quickly killed or downregulating homing- 
associated surface molecules. This suggests that they are 
suitable cellular vehicles for MV-Edm. 

BOECs do not carry loosely adsorbed MV-Edm-eGFP 
on their surface after infection with MV-Edm-eGFP 

We investigated whether MV-Edm added to BOECs 
in vitro just adhere to the BOECs 7 surface and subse- 
quently become released to infect surrounding cells. To 
this end, Vero indicator cells were incubated with cell- 
free washes of BOEC /MV-Edm-eGFP. While BOECs 
were clearly infected with MV-Edm-eGFP, as seen by 
the green fluorescence of BOECs (Figure 2, left panel), no 
infectious MV-Edm-eGFP could be detached by washing 
and trypsinizing after infection as no Vero cells became 
infected (Figure 2, right panel). 

MV-Edm spread from BOECs to neighboring U87 
glioma cells and exert a strong bystander effect 

It is crucial for any therapeutic vehicle to effectively 
release its pay load to the target cells. As determined by 
fluorescence microscopy, MV-Edm-eGFP spread rapidly 
from single BOEC /MV-Edm cells to surrounding U87 
cells (Figures 3Aa-c) and then to more distant U87 cells 
(Figures 3Ad-f). The few GFP-positive foci of U87 cells 
that were not adjacent to the BOEC /MV-Edm may have 
originated from MV-Edm-eGFP released into the culture 
medium by dying tumor cells. The spread of MV-Edm- 
eGFP induced multinuclear syncytia of U87 cells (Figures 
3Ag and h) and caused their death (Figure 3B). Low 
numbers of BOEC /MV-Edm sufficed to cause a strong 
bystander effect on U87 glioma cells (Figure 3B). These 
data show that MV-Edm efficiently spread from BOECs 
to tumor cells and kill them. 

MV-Edm protected within BOECs from measles 
antibodies infect bystander tumor cells in the presence 
of measles immune serum 

Clinical application of MV-Edm as an oncolytic virus faces 
the potential hurdle of pre-existing measles antibodies in 
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Figure 1 BOECs (blood outgrowth endothelial cells) allow efficient replication of MV-Edm, while being transiently resistant to measles 
viruses of the Edmonston B strain (MV-Edm)-induced cell death, (a) BOECs strongly express CD46, as do human U87 glioma, A549 lung 
carcinoma and K562 myelomonocytic leukemia cells. Cell surface expression of CD46 was determined by fluorescence-activated cell sorting 
analysis using anti-CD46 and isotype-matched control antibodies (bold and thin lines, respectively). Similar results were obtained in two 
independent experiments, (b) MV-Edm efficiently replicate within BOECs. BOECs, human monocytes (MON) and human lymphocytes 
(LYMPH) were infected with MV-Edm at a MOI of 2. At the time points indicated, MV-Edm was procured from cell lysates and Vero indicator 
cells were infected. Shown is the TCID 50 per ml of cell lysate supernatant, (c) BOECs are initially resistant to MV-Edm-induced cell death. 
BOECs, human monocytes and human lymphocytes were seeded in 96- well plates (2 x 10 3 BOECs, 2 x 10 4 monocytes and 2 x 10 5 
lymphocytes per well) and infected with MV-Edm at increasing MOIs. Cell viability was determined 3 days after infection by the MTT (3-(4, 
5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) assay. Results are means of six duplicates and are expressed as percentage of 
untreated controls, (d) U87 glioma cells are susceptible to MV-Edm-induced cell death. BOECs, U87 glioma cells and A549 lung carcinoma 
cells were seeded at 2 x 10 3 cells per well in 96-well plates. Cell viability was determined by MTT assay 3 days after infection by MV-Edm 
with increasing MOIs. Results are means of six duplicates and are expressed as percentage of untreated controls. Similar results were 
obtained in two independent experiments. 



most patients. Indeed, infection of U87 by MV-Edm was 
almost completely abrogated by human MV immune 
serum (Figure 4Aa), which rescued the viability of U87 
cells (Figure 4Ac, upper panels). Of note, just 1% immune 
serum sufficed to prevent MV-Edm-induced cell death 
(Figure 4Ac). In contrast, MV antibody-negative serum 
did not prevent infection (Figure 4Ab) and cell death 
(Figure 4 Ac, lower panels) of U87 cells by MV-Edm. 

We reasoned that BOECs should protect MV-Edm 
from neutralization by human measles antibodies. To 
simulate the situation that would occur in immune hosts 
immediately after i.v. injection of BOEC/ MV-Edm, we 
first exposed BOEC /MV-Edm to human measles im- 
mune serum for a short period of time (30 min) before 
adding them to U87 cells. As shown in Figure 4B, 48 h 
later MV-Edm had spread to surrounding U87 cells and 
formed syncytia, even when BOEC /MV-Edm had been 



preincubated with measles immune serum at concentra- 
tions as high as 90% (Figure 4B, right panel). In contrast, 
when MV-Edm was exposed to immune serum, the 
infectious capability of MV-Edm on tumor cells was 
neutralized (Figure 4B, left panel). 

Next we wanted to know whether the protection of 
MV-Edm provided by the BOECs would allow the 
spread of MV-Edm during continuous exposure to 
human measles immune serum. After a 30 min preincu- 
bation with measles immune serum, BOEC /MV-Edm 
were added to U87 glioma cells in the presence of 90% 
measles immune serum. Indeed, despite the continuous 
presence of measles antibodies, MV-Edm-eGFP spread 
from a single BOEC /MV-Edm-eGFP (Figure 4Cb, arrow) 
to surrounding U87 cells and to more distant tumor cells, 
eventually causing the formation of a syncytium (Figure 
4Cd). This suggests that the spread of MV-Edm from 
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Figure 2 BOECs do not carry adsorbed MV-Edm-eGFP on their 
surface shortly after infection with MV-Edm-eGFP. BOECs were 
infected with MV-Edm-eGFP at a MOI of 2 for 3 h in OptiMEM and 
washed with phosphate-buffered saline. After incubation for 1 h in 
growth medium, BOECs were trypsinized and resuspended in 
OptiMEM. The cell suspension was centrifuged and the cell-free 
supernatant was added to Vero cells. The infected BOEC /MV-Edm- 
eGFP were replated in complete growth medium. The left panels 
show adherent BOEC /MV-Edm-eGFP 48 h after infection; the right 
panel, Vero cells after 72 h of incubation with supernatant. Scale 
bars represent 100 jam. BOECs, blood outgrowth endothelial cells; 
MV-Edm, measles viruses of the Edmonston B strain. 

BOECs to cancer cells and from cancer cells to cancer 
cells is protected against human measles antibodies 
because spread proceeds by cell-to-cell contact. 

Intratumoral administration of BOEC/MV-Edm 
significantly prolongs the iife of mice with orthotopic 
U87 gliomas 

To determine whether BOEC/MV-Edm exert a tumor 
inhibitory effect in vivo, we injected BOEC/MV-Edm 
stereotactically into U87 gliomas growing in the striatum 
of mice. Survival of mice was significantly prolonged 
compared to controls, which received intratumoral 
injections of phosphate-buffered saline (PBS) (Figure 5, 
red and black lines, respectively). The therapeutic efficacy 
of BOEC/MV-Edm was similar to MV-Edm injected 
intratumorally (blue line). Since noninfected BOECs do 
not kill tumor cells 21 this indicates that MV-Edm spread 
from BOEC/MV-Edm to tumor cells and killed them. 

I.v. injected BOECs home to orthotopic U87 gliomas 
and, when armed with MV-Edm, decrease tumor size 
We first confirmed that BOECs target orthotopic gliomas. 
Since irradiation has been shown to promote homing of 
hematopoietic progenitors toward gliomas, 19 cranial 
irradiation was employed prior to i.v. injection of BOECs. 
Because the autofluorescence of U87 gliomas complicates 
the interpretation of fluorescent signals, BOECs were 
labeled ex vivo with BrdU. Anti-BrdU staining showed 
i.v. injected BOECs within the gliomas but not in 
surrounding normal brain tissue (Figures 6Aa-c). 

Next, we determined whether BOEC/MV-Edm given 
i.v. prolong the life of mice with orthotopic U87 gliomas. 
After five i.v. injections of BOEC/MV-Edm (denoted by 
arrows in Figure 6B), there was only a slight, albeit 



statistically significant, survival advantage (Figure 6B, 
red line) compared to control mice treated with 
uninfected BOECs or PBS (green and black lines, 
respectively). Mice treated with cell-free MV-Edm i.v. 
(blue line) survived significantly longer than both the 
control and the BOEC /MV-Edm-trea ted groups. 

Magnetic resonance imaging (MRI) images of fixed 
brains of mice that died on day 28 revealed significantly 
smaller tumors in mice treated with BOEC/MV-Edm 
when compared to nontreated mice (Figure 6C). When 
tumor volumes were calculated from the MRI images, the 
volume of gliomas treated with BOEC/MV-Edm was 
clearly smaller than that of untreated gliomas (Figure 6C). 

Peritumoraiiy injected BOEC/MV-Edm migrate to 
orthotopic U87 gliomas 

Given the infiltrative nature of gliomas leading to small 
clusters of glioma cells that initially lack vessels, an 
efficient cellular vehicle has to search for glioma cells 
navigating through normal brain tissue. Since a robust 
infiltrative human glioma mouse model is lacking, we 
investigated cell migration by injecting BrdU-labeled 
BOEC/MV-Edm into normal brain tissue surrounding 
U87 gliomas. Two days after BOEC injection, BOECs 
were visualized by anti-BrdU staining. While the 
majority of BOECs remained at the injection site (Figure 
7Aa), numerous BOECs migrated toward the tumor 
(Figure 7Ab) and accumulated there (Figure 7 Ac). To 
determine the presence of measles virus in the glioma, 
adjacent sections were stained separately with anti- 
measles hemagglutinin antibody and anti-BrdU, thus 
avoiding the pitfalls of immunohistochemical double 
staining. BrdU-positive BOECs were seen at sites where 
MV were detected (compare the MV-containing cells in 
Figure 7Bc with the BOECs in Figure 7Bd). This indicates 
that the peritumoraiiy injected BOEC/MV-Edm carried 
MV-Edm to the tumor mass. 

We then investigated whether BOECs target orthoto- 
pic gliomas in mice passively immunized against 
measles virus. Intraperitoneal injection of human 
measles antibodies generated levels of measles-specific 
immunoglobin G (IgG) antibodies in the blood known to 
prevent measles in humans (ELISA index greater than 
1.1). Such preventive levels were found at 1 h, increased 
at 6 h and were still present 28 h after injection (data not 
shown). The presence of antibodies against measles virus 
did not preclude that many BOEC/MV-Edm injected 
peritumoraiiy migrated into the tumor (Figures 7Ca-c). 
Only very few BOEC/MV-Edm migrated into the normal 
brain tissue (Figures 7Ca-c). 

To address the specificity of homing of BOECs, we 
injected BrdU-labeled human fibroblasts peritumoraiiy 
into glioma-bearing mice (Figure 7Da). The fibroblasts 
did not migrate into the gliomas (Figure 7Db) nor into 
the surrounding normal brain tissue (Figure 7Dc). Thus, 
the ability of BOECs to target gliomas is specific. 

Peritumoraiiy injected BOEC/MV-Edm significantly 
prolong survival of mice with orthotopic U87 gliomas by 
focal infection 

Having shown the tumor searching capability of BOEC/ 
MV-Edm navigating through the brain, we wanted to 
clarify whether peritumoraiiy applied BOEC/MV-Edm 
prolong survival of mice with orthotopic U87 gliomas. 
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Figure 3 MV-Edm spread from BOEC/MV-Edm to surrounding U87 glioma cells and exert a strong bystander effect. BOECs were infected 
with MV-Edm-eGFP at a MOI of 2 for 24 h (BOEC / MV-Edm-eGFP) and added to U87 cells seeded at 2 x 10 3 cells per well in collagen I-coated 
96-well plates in pentaplicates. (A) MV-Edm-eGFP spread from BOEC /MV-Edm-eGFP to U87 cells. BOEC/MV-Edm-eGFP were added to 
U87 cells (a; phase contrast). Spread of MV-Edm-eGFP was monitored by fluorescence microscopy at time points 2 h (b), 24 h (c), 48 h (d), 72 h 
(e) and 96 h (f) after the addition of MV-Edm-eGFP A syncytium of U87 cells induced by a single BOEC/MV-Edm-eGFP is seen at 72 h after 
the addition of BOEC/MV-Edm-eGFP (g and h). Nuclei were stained by Hoechst 33258. Scale bars -200 jam (a-f) and 100 jam (g and h). 
(B) BOEC/MV-Edm exert a strong bystander effect on U87 glioma cells in vitro. BOEC/MV-Edm-eGFP were added to U87 cells at shares 
indicated and viability was determined by MTT assay after 4 days. Results are expressed as percentage of untreated controls. Means and 
standard deviations of pentaplicates are shown. Similar results were obtained in three independent experiments. MV-Edm, measles viruses of 
the Edmonston B strain; BOECs, blood outgrowth endothelial cells. 



After three sequential peritumoral injections at alternat- 
ing sites (Figure 8A), mice treated with BOEC/MV-Edm 
(Figure 8B, red line) survived significantly longer than 
those injected with BOECs (green line) or with PBS (black 
line). Importantly, mice treated with BOEC/MV-Edm 
survived longer than MV-Edm- treated mice (blue line). 
This shows that tumor control is enhanced when the 
immobile MV-Edm are delivered by tumor targeting 
BOECs to the tumor. 

The extent of intratumoral spread of MV-Edm after 
peritumoral injection of BOEC/MV-Edm was investigated 
in a subset of mice at the time of death. Syncytium 



formation by MV-Edm and persistent infection by MV-Edm 
without formation of syncytia was clearly focal, with large 
areas of unaffected tumor tissue surrounding islands of 
affected tissue (Figure 8C). 



Discussion 

Inefficient delivery of therapeutic modalities and isola- 
tion of glioma cells due to infiltrative growth are major 
hurdles toward improving the poor prognosis of 
malignant gliomas. We show that replicating oncolytic 
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Figure 4 MV-Edm protected within BOECs from human measles immune serum spread to and kill bystander tumor cells. (A) Human 
measles immune serum prevents MV-Edm-eGFP from infecting and killing U87 cells. MV-Edm-eGFP were incubated with human measles 
immune serum or with human nonimmune serum at concentrations of 0, 1 and 10% for 30 min at 37 °C and then added at a MOI of 5 to U87 
cells seeded at 2 x 10 3 cells per well on 96- well plates. The spread of MV-Edm-eGFP and syncytia formation was monitored by fluorescence 
microscopy at 72 h after infection (a and b, scale bars — 500 jam). Cell viability was determined by crystal violet staining at 96 h after infection 
(c). (B) BOECs protect MV-Edm from exposure to human measles immune serum, thus allowing their spread to U87 cells. BOEC/MV-Edm- 
eGFP and MV-Edm-eGFP were incubated with measles immune serum for 30 min at concentrations indicated before being added to U87 
cells. MV-Edm-eGFP at a MOI of 5 (left panel) or 2 x 10 2 BOEC /MV-Edm-eGFP cells (right panel) were added to 2 x 10 3 U87 cells per well in a 
96-well plate. Spread of MV-Edm-eGFP and syncytia formation was observed by fluorescence microscopy at 48 h after infection (scale 
bars = 500 jam). (C) MV-Edm can spread from BOECs to U87 cells in the continuous presence of human measles immune serum. 2 x 10 2 
BOEC /MV-Edm-eGFP preincubated for 30 min with 90% measles immune serum were transferred to 2 x 10 3 U87 cells per well in a 96-well 
plate containing medium with 90% measles immune serum (a, phase contrast, scale bar = 25 jam). The spread of MV-Edm-eGFP and syncytia 
formation was monitored by fluorescence microscopy at 18 h (b), 48 h (c) and 72 h (d). Scale bar = 100 jam for (b-d). MV-Edm, measles viruses 
of the Edmonston B strain; BOECs, blood outgrowth endothelial cells. 



MV-Edm carried within BOECs to malignant gliomas 
may be one approach to overcome these hurdles. BOECs 
protected MV-Edm from human measles serum anti- 
bodies, homed to brain tumors and carried MV-Edm 



through normal brain tissue to the tumors. Subsequently, 
MV-Edm released from BOECs infected brain tumor cells 
causing shrinkage of tumors, which prolonged the life of 
tumor-bearing mice. 
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Figure 5 Intratumorally injected BOEC/MV-Edm significantly 
prolong the life of mice with orthotopic U87 gliomas. 5 x 10 5 U87 
glioma cells were stereotactically injected into the right striatum of 
10- to 12-week-old male Rag2~ /_ cYC _/ ~ mice. Ten days later, mice 
were randomized into three groups (n—5 for each group). The 
treatment groups received two intratumoral injections (denoted by 
arrows) spaced 1 day apart of either 2 x 10 5 BOEC/MV-Edm or 
3 x 10 5 PFU MV-Edm, while the control group received PBS. 
Survival was determined and plotted for Kaplan-Meier survival 
analysis and analyzed by log-rank test. Compared to PBS (black 
line), survival of both BOEC/MV-Edm (red line) and MV-Edm (blue 
line) was prolonged (P = 0.0088 and 0.0018, respectively). BOECs, 
blood outgrowth endothelial cells; MV-Edm, measles viruses of the 
Edmonston B strain; PBS, phosphate-buffered saline. 



For this approach to be successful, several prerequi- 
sites have to be met in sequence: easy procurement of 
BOECs, efficient infection of BOECs by MV-Edm, 
replication of MV-Edm within the BOECs, resistance of 
BOECs to MV-Edm-induced early cell death, protection 
of MV-Edm against MV-neutralizing serum activity, 
efficient homing and specific migration of MV-Edm- 
infected BOECs to glioma cells, proficient infection of 
glioma cells by MV-Edm from BOECs, intratumoral 
spread of MV-Edm within the glioma and finally killing 
of the infected glioma cells. 

The ease of BOEC generation as well as determinants of 
efficacy concerning their use in gene therapy of peripheral 
metastases has been established previously 20 - 21 

MV-Edm infected and efficiently replicated within 
BOECs without killing them during the first few days 
after infection. This predisposes BOECs to be carriers for 
MV-Edm as compared to other blood-derived cells such 
as monocytes, which were rapidly killed by replicating 
MV-Edm, and lymphocytes, which did not allow MV- 
Edm to replicate sufficiently. BOECs were resistant to 
MV-Edm-induced cell death despite the strong expres- 
sion of CD46, known not only to function as the entry 
receptor for MV but also to determine the degree of cell 
death. 6 The multitude of antiapoptotic mechanisms 
operative in endothelial cells most likely accounts for 
this resistance. These mechanisms include VEGF-in- 
duced PI3K-mediated signaling, nuclear factor-KB acti- 
vation and strong expression of Bcl-2, survivin and XIAP, 
and of antioxidative enzymes such as MnSOD, catalase 
and glutathione peroxidase (reviewed in Jarmy et al. 16 ). 

Many cell types infected with MV-Edm are killed by 
complement-mediated lysis, which is facilitated by 
downregulation of CD46, an inhibitor of complement- 
mediated lysis, after MV-Edm infection. 22 Of note, 
BOEC/MV-Edm were not killed when subjected to 
human measles immune serum containing complement. 



CD46 may not have been downregulated yet and MV 
proteins may not have appeared yet on the surface of 
infected BOECs during the time of transit to the tumor. 
Furthermore, the degree of downregulation of CD46 may 
be limited in BOECs. Further studies will elucidate the 
mechanisms involved. 

Homing of BOEC/MV-Edm into gliomas also oc- 
curred when measles virus antibodies were present at 
levels sufficient to protect humans from measles. It 
remains to be shown whether BOEC/MV-Edm are 
susceptible to T cell-mediated destruction. The low 
number of T cells in cancer patients secondary to disease 
and previous chemotherapy may reduce this potential 
problem. T cells may also exert a beneficial effect by 
reacting against MV-Edm-infected tumor cells, thus 
enhancing the oncolytic effect of MV-Edm. 

Specific and efficient homing of BOEC/MV-Edm to 
gliomas is crucial for their therapeutic efficacy. Intrave- 
nously injected BOECs homed into irradiated orthotopic 
U87 malignant gliomas, but did not sequester into normal 
brain tissue. More importantly, when BOEC/MV-Edm 
were injected peritumorally to simulate the situation in 
the patient, where BOEC/MV-Edm have to reach isolated 
glioma cells not yet connected to blood vessels, BOEC/ 
MV-Edm navigated through normal brain tissue to the 
glioma mass. Migration appeared to be directional, 
because far more BOEC/MV-Edm were seen within the 
glioma than in the normal brain tissue surrounding the 
injection site and since human fibroblasts injected in 
the same manner did not target gliomas. It is important to 
note that infection with MV-Edm did not preclude 
migration of peritumorally injected BOECs, even in mice 
immune against measles virus. 

Cranial irradiation was employed assuming that it 
would increase migration of BOECs to gliomas as has 
been described for hematopoietic stem cells. However, 
we could not demonstrate increased infiltration of 
BOECs into irradiated tumor spheroids; 23 thus the role 
of irradiation in the homing of BOECs remains to be 
elucidated. 

Once at the glioma cells, MV-Edm residing within the 
BOECs have to infect the glioma cells. This was indeed 
the case, despite the heterologous nature of BOECs and 
glioma cells. We have no evidence that infection of 
surrounding cells occurred by MV-Edm-eGFP that 
remained loosely adsorbed on the surface of BOECs 
following their infection with MV-Edm-eGFP ex vivo. 
However, it remains possible that some MV-Edm-eGFP 
strongly tethered to the BOECs surface may have 
contributed to the infection of tumor bystander cells. 

After infection of glioma cells surrounding the BOEC/ 
MV-Edm, the virus spread to more distal glioma cells 
and killed them. In vitro, a few BOEC/MV-Edm sufficed 
to infect a far larger number of glioma cells and to kill 
most of them. In vivo, glioma cells were infected and 
killed by intratumorally injected BOEC/MV-Edm lead- 
ing to a significant survival benefit of glioma-bearing 
mice indistinguishable from those receiving intratumo- 
rally injected MV-Edm. Of note, despite the presence of 
MV-neutralizing serum antibodies in vitro, MV-Edm 
spread from BOECs to surrounding and then to more 
distant glioma cells inducing syncytia. This shows that 
U87 glioma cells can be controlled by BOEC/MV-Edm in 
the face of natural MV-neutralizing activity. As a 
corollary, spread by tumor-cell-to-tumor-cell contact, as 
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has been described for MV-Edm in other tumors/- 8 
appears to be the relevant route MV-Edm can spread in 
U87 gliomas. 

We show that i.v. injected BOEC /MV-Edm home 
specifically to orthotopic U87 gliomas and that BOEC/ 
MV-Edm decrease the size of the tumors, as detected by 
MRI. However, because the responses were partial (with 
some tumors continuing to grow into the brain stem, as 
in Figure 6Ce), the survival benefit was minute. In 
contrast, i.v. injected cell-free MV prolonged survival 
more pronounced than i.v. injected BOEC /MV-Edm. It is 
known that some i.v. injected BOECs are sequestered in 
the lung and the spleen. 21 Sequestration of i.v. injected 
MV-Edm may be less, which could explain their 



increased efficacy. In addition, the blood-brain barrier 
is less permeable for large cells such as BOECs than for 
viruses with their smaller size. This may also have led to 
increased extravasation of MV-Edm into the cerebrosp- 
inal fluid and thus to increased infection of tumors 
abutting the ventricle. 

I.v. injection of MV-Edm will not be feasible in most 
patients, given their immunity against measles. BOEC/ 
MV-Edm are not affected by measles antibodies; how- 
ever, they show limited efficacy against gliomas when 
given i.v. Thus, intracranial injection of BOEC /MV-Edm 
is an obvious route to ensure high-level and consistent 
delivery. We injected BOEC /MV-Edm peritumorally to 
mimic the clinical situation, where BOECs would have to 
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migrate to isolated clusters of glioma cells. BOEC/MV- 
Edm navigated through normal brain tissue, infected 
glioma cells and killed them, thus significantly prolong- 
ing the life of glioma-bearing mice. Therefore, BOEC/ 
MV-Edm have the search-and-destroy capability to target 
infiltrative gliomas. Surprisingly, there was a survival 
benefit of peritumorally injected MV-Edm. Thus, some of 
the MV must have found their way into the tumor 
despite their immobility. This most likely occurred by 
convection of the small MV-Edm to the tumor by 
increased hydrostatic pressure due to the large carrier 
volume applied during the injections of MV-Edm. This 
factitious convection-enhanced delivery of MV-Edm was 
nevertheless inferior to delivery via the actively tumor 
searching BOECs, since there was a clear trend toward 
increased survival for BOEC /MV-Edm. Again, in the 
measles immune glioma patient, cell-free MV-Edm may 
be subjected to neutralization, in contrast to MV-Edm 
protected within BOECs, adding to the superiority of 
BOEC /MV-Edm over MV-Edm when applied intracra- 
nially. 

For glioma abutting or growing into the ventricles (as 
in Figure 6Aa), intrathecal injection of BOEC /MV-Edm 
may be the most efficient route of delivery 

While tumor size decreased and survival was pro- 
longed upon administration of BOEC /MV-Edm, no 
cures were achieved since responses were partial, as 
shown by MRI. Intratumoral heterogeneity of response 
was reflected on the cellular level. After peritumoral 
injection, BOEC /MV-Edm infiltrated and infected large 
parts of the tumors. At the time of death, however, the 
distribution of syncytia and MV-Edm-infected cells was 
focal. There are several explanations for this finding. 
First, proliferation of uninfected tumor cells must have 
outpaced the spread of MV, in line with recent findings 
in experimental ovarian carcinoma. 24 It remains to be 
determined whether attenuation of the spread of MV- 
Edm contributes to this. Second, the presence of foci of 
persistent MV-Edm infection without cytopathic effect 
suggests resistance of tumor cells to MV-Edm-induced 
cell death. Finally, the migratory function of BOECV/ 
MV-Edm within the tumor must have subsided, most 
likely because MV-Edm finally overcame the resistance 
of BOECs to early cell death. Elucidating the mechanisms 
of intratumoral virus spread and of MV-Edm-induced 



cell death, and modulating them, such as by arming MV- 
Edm with additional tumor cytotoxic effectors, 11,25,26 will 
address the challenge of increasing the efficacy of BOEC/ 
MV-Edm for therapy of gliomas and other tumors. 

Several oncolytic viruses in diverse cellular vehicles 
have been successful in preclinical studies. These 
encompass herpes simplex virus-1 in human teratocarci- 
noma cells, 27 retrovirus in outgrowth endothelial cells, 28 
retrovirus on antigen-specifc T cells 29 and modified 
vaccinia virus in cytokine-induced killer cells. 30 Their 
relative merit for glioma therapy has yet to be defined. 
The nonintegrating MV do not carry the risk of 
insertional mutagenesis, unlike retroviruses. Not all the 
positive features of BOECs are shared by the other 
cellular vehicles that have been used to carry oncolytic 
viruses to experimental tumors. Tumor antigen-specific T 
cells, for example, are complex to generate, 29 a feature 
they share with neural progenitors that target experi- 
mental brain tumors, 31 and may lack the ability to 
navigate through normal brain tissue. The latter may also 
apply to cytokine-induced killer cells. 30 

In conclusion, BOEC /MV-Edm warrant to be included 
in future studies of cellular vehicles carrying oncolytic 
viruses for the therapy of gliomas. 



Materials and methods 

Cell culture 

Tissue culture media and supplements were obtained 
from Life Technologies (Eggenstein, Germany) unless 
stated otherwise. BOECs were isolated from human 
adult peripheral blood, propagated as described 16 and 
cultured in ECBM-2 medium (PromoCell, Heidelberg, 
Germany) supplemented with SupplementPack (Promo- 
Cell) and 10% fetal calf serum (FCS) (Biochrom, Berlin, 
Germany). Human mononuclear cells were isolated from 
peripheral blood cells and separated into monocytes and 
lymphocytes by adherence to plastic. Monocytes were 
maintained in Dulbecco's modified Eagle's medium 
(DMEM) supplemented with 10% FCS and 15% human 
serum. Lymphocytes were cultivated in RPMI supple- 
mented with 10% FCS, 50 jiM 2-mercaptoethanol, 1 mM 
pyruvate and 30 U ml -1 interleukin-2 (Pepro Tech, Rocky 
Hill, NJ, USA). U87, K-562 cells and Vero cells were 
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Figure 6 I. v. applied BOECs target orthotopic U87 gliomas and, when carrying MV-Edm, decrease tumor size. 5 x 10 5 U87 glioma cells were 
injected stereotactically into the right striatum of 8- to 12-week-old male Rag2~ /_ cYC~ /_ mice. (A) BOECs home to U87 gliomas in the brain 
when given by tail vein injection. Fourteen days after tumor cell injection, the brain of U87 glioma-bearing mice was y-irradiated with a dose 
of 6 Gy Three days later, the mice received tail vein injection of BOECs pulsed with BrdU (BOEC-BrdU, n — 3). Organs were procured 1 day 
later, cryosectioned, immunohistochemically stained using anti-BrdU antibody to detect BOEC-BrdU and counterstained with hematoxylin. 
A U87 glioma outlined in red is seen in the right striatum (a, scale bar — 1 mm). Higher magnification of the black frame in (a) shows BrdU- 
positive (red-stained) BOECs in the glioma, but not in the surrounding normal brain tissue (b, scale bar — 200 jam). Higher magnification of 
the yellow frame in (b) demonstrates accumulation of BOECs in the glioma (c, scale bar — 50 jam). (B) I.v. injected BOEC /MV-Edm just slightly 
prolong the life of mice with orthotopic U87 gliomas. Four days after tumor cell injection, mice received cranial y-irradiation with a dose of 
6 Gy and were randomized into four groups on day 6 followed by daily i.v. injections for 5 days (indicated by arrows). The treatment groups 
received BOEC /MV-Edm or MV-Edm and the control groups BOECs or PBS. Compared to control mice treated with PBS (black line) or 
BOECs (green line), survival of mice injected with BOEC/MV-Edm (red line) was slightly prolonged (P = 0.0498), whereas mice treated with 
MV-Edm (blue line) had a more pronounced survival benefit (P = 0.0035). Statistical testing was by log-rank test. (C) I.v. injected BOEC/ 
MV-Edm decrease the size of orthotopic gliomas. Three mice treated with BOEC/MV-Edm and three untreated control mice died on day 28. 
The brains of these mice were procured, fixed in 4% paraformaldehyde and subjected to serial MRI. The upper panel shows corresponding 
axial planes in an anterior to posterior order (a-c and g-i) and sagittal planes in a left to right order (d-f and j-1) of two representative mice 
that either received or did not receive BOEC/MV-Edm (+ or — ). The gliomas are outlined in red. Smaller size of the gliomas treated with 
BOEC/MV-Edm is discernible as absence or smaller area of tumor on corresponding planes. The lower panel depicts the means and standard 
deviations of the tumor volumes calculated from the MRI scans. I.v. intravenously; BOECs, blood outgrowth endothelial cells; MV-Edm, 
measles viruses of the Edmonston B strain; PBS, phosphate-buffered saline; MRI, magnetic resonance imaging. 
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Figure 7 Peritumorally injected BOEC/MV-Edm specifically target orthotopic U87 gliomas in nonimmune mice and in mice passively 
immunized against measles. 5 x 10 5 U87 glioma cells were stereotactically injected into the right striatum of 8- to 10-week-old male 
Rag2" / "cyc _/ " mice. Ten days after tumor cell injection, mice received 6 Gy of y-irradiation to the brain. Three days later, BOECs pulsed with 
BrdU and infected with MV-Edm were injected peritumorally into mice that were not immunized (A, B; n = 3) or immunized by 
intraperitoneal injection of 500 \il human measles immune serum 18 h prior to injection of BOEC/MV-Edm (C; n = 3). (A) BOEC/MV-Edm 
navigate within the brain of nonimmunized mice to U87 gliomas. Brains were procured 2 days later and cryosectioned horizontally. BOECs 
were detected by anti-BrdU immunohistochemical staining. Counterstaining was by hematoxylin. In (a) (scale bar = 1 mm), BrdU-positive 
BOECs (red-stained nuclei) are seen deposited at the end of the injection canal (arrows) lateral of the hypercellular glioma. Higher 
magnification of the red-framed area in (a) shows a stream of BrdU-positive BOECs migrating (arrows) toward the tumor (b, scale 
bar — 100 jam). Higher magnification of the blue frame in (a) depicts BrdU-positive cells accumulating within the tumor (c, scale 
bar — 100 jam). (B) The distribution of intratumoral MV-Edm mirrors the intratumoral spread of BOEC/MV-Edm. Adjacent cryosections 
were stained by anti-BrdU for BOEC/MV-Edm and by anti-measles hemagglutinin for MV-Edm. Low magnification (a, scale bar = 250 \xm) 
shows MV-Edm-containing cells stained red at the injection site (indicated by an arrow). Higher magnification of the blue-framed area reveals 
MV-positive cells within the tumor (b, scale bar — 100 jam), which are clearly delineated at higher magnification of the red-framed area 
(c, scale bar = 25 jam). A section adjacent to (c) shows BrdU-positive BOECs (d, scale bar = 25 jam). (C) BOEC/MV-Edm navigate to U87 
gliomas in passively immunized mice. In these coronal sections, BrdU-positive BOECs (red) are seen at the injection site and in the tumor 
(a, scale bar = 100 jam). Higher magnification of the blue-framed area in (a) shows BrdU-positive BOECs following a sheath of tumor cells 
(arrow) without migrating into the normal brain tissue (b, scale bar = 100 jam). Higher magnification of the red frame in (a) delineates BrdU- 
positive cells spreading within the main tumor mass (c, scale bar = 100 jam). (D) Human fibroblasts injected peritumorally do not migrate to 
U87 gliomas. Human foreskin fibroblasts were injected peritumorally into U87-bearing, cranially irradiated mice. Two days later the brains 
were procured, stained by anti-BrdU and counterstained by hematoxylin (a, scale bar = 100 jam). Higher magnification of the red- and blue- 
framed areas shows no migration of the fibroblasts into the glioma (b, scale bar — 50 jam) or the normal brain (c, scale bar — 50 jam), 
respectively. BOECs, blood outgrowth endothelial cells; MV-Edm, measles viruses of the Edmonston B strain. 



obtained from ATCC (Manassas, VA, USA) and A549 
was obtained from the German Collection of Micro- 
organisms and Cell Cultures (Braunschweig, Germany). 
K-562 cells were maintained in RPMI and all other tumor 
cell lines were grown in DMEM. Cell culture media for 
cell lines were supplemented with 10% FCS, 2 mM 
glutamine, 2 mM nonessential amino acids, 100 U ml -1 
penicillin and 100 jag ml -1 streptomycin. 



Virus production and infection 

The construction of MV-Edm-eGFP has been described 
elsewhere. 32 MV-Edm and MV-Edm-eGFP were propa- 
gated by Vero cells with a MOI of 0.02 in 2 ml OptiMEM 
(Life Technologies) at 37 °C for 3 h. The medium was 
changed to DMEM supplemented with 5% FCS and cells 
were incubated at 37 °C for 1 day before being 
transferred to 32 C for another day. Cells were harvested 
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Figure 8 Peritumorally injected BOEC/MV-Edm significantly prolong survival of mice with orthotopic U87 gliomas by focal infection. 
5 x 10 5 U87 glioma cells were stereotactically injected into the right striatum of 8- to 10-week-old male Rag2 _/ ~c7C~ /_ mice. Four days after 
tumor cell injection, the mice received 6 Gy of cranial y-irradiation. On day 6, the mice were randomized into four groups and received daily 
peritumoral injections for 3 days at alternating sites. (A) Schematic of peritumoral injections. Injections were placed 1 mm superior, 0.5 mm 
lateral and 0.5 mm posterior to the tumor mass. (B) Mice treated with peritumoral injections of BOEC/MV-Edm survive longer. The treatment 
groups received BOEC/MV-Edm (n = 7) or MV-Edm (n = 7) and the control groups BOECs (n — 7) or PBS (n = 6). Arrows denote injections. 
Survival of the mice was determined and plotted for Kaplan-Meier survival analysis. Mice treated with BOEC/MV-Edm (red line) survived 
longer than control mice receiving BOECs (green line, P = 0.0018), PBS (black line, P = 0.0031) or MV-Edm (blue line, P = 0.174). Statistical 
testing was performed by log-rank test. (C) Persistent infection by MV-Edm and formation of syncytia is focal. Brains of mice that had 
received BOEC/MV-Edm (n — 3) or PBS (n — 3) were analyzed by immunohistochemistry for expression of MV hemagglutinin when they had 
to be killed. The images of a representative BOEC/MV-Edm-treated mouse that was killed on day 69 (a and b) and of a PBS-treated mouse 
killed on day 30 (c and d) are shown. Higher magnification of the area framed in (a) reveals red-stained MV-Edm-infected tumor surrounding 
a syncytium (b, arrow), whereas no MV-Edm can be detected in tumors treated with PBS (c and d). Scale Bars = 200 um (a and c) and 20 um 
(b and d). BOECs, blood outgrowth endothelial cells; MV-Edm, measles viruses of the Edmonston B strain; PBS, phosphate-buffered saline. 



and viral particles released by two cycles of snap 
freezing in liquid nitrogen and subsequent thawing. 
Viral titers were determined by 50% end-point dilution 
assays (TCID 50 ) on Vero cells. 

Infection by MV-Edm or MV-Edm-eGFP in vitro 

Tumor cells or BOECs were seeded on tissue culture 
flasks or plates. The medium was removed and the cells 
were infected with MV-Edm in OptiMEM for 3 h at 
37 °C. The medium was then replaced with appropriate 
tissue culture media. BOECs infected with MV-Edm are 
called BOEC/MV-Edm and those infected with MV- 
Edm-eGFP are called BOEC/ MV-Edm-eGFP. 

Lymphocytes were infected in suspension for 3 h at 
37 °C After centrifugation the medium was replaced 
with the appropriate culture medium described above. 

MV-Edm replication 

BOECs and monocytes were seeded at 2 x 10 5 cells per 
well (six-well plate) and infected the following day with 
MV-Edm at a MOI of 2 for 3 h. Lymphocytes were 
infected in suspension at a MOI of 2 for 3 h and than 
seeded at 2 x 10 5 cells per well. At 24, 48 and 72 h after 
infection, the cells were scraped into 1 ml OptiMEM 
(Invitrogen, Karlsruhe, Germany) and the cell-associated 
viruses were released by two freeze-thaw cycles. Viral 
titers were determined as TCID 50 on Vero cells. 



Determination of bystander infection by MV-Edm 
bound to the surface of BOECs 

2 x 10 5 BOECs per well in a six- well collagen I-coated 
plate were infected with MV-Edm-eGFP at a MOI of 2 in 
OptiMEM for 3 h at 37 °C. BOECs were washed with PBS 
and the medium was changed to ECBM-2 with 10% FCS. 
After 1 h, BOECs were washed twice with PBS, trypsi- 
nized for 5 min, resuspended in OptiMEM and separated 
from the supernatant by centrifugation. The cell-free 
supernatant was used to infect 2 x 10 5 Vero cells per well 
in six-well plates. The infected BOECs were replated in 
growth medium to follow their expression of eGFP Vero 
cells were monitored for eGFP expression 24, 48 and 72 h 
after infection. 

Determination of viability in vitro 

Prior to determination of viability, cell culture plates were 
ultraviolet irradiated to inactivate MV. Viability of cells 
was determined by MTT (3-(4,5-dimethyl-2-thiazolyl)-2, 
5-diphenyl-2H-tetrazolium bromide) assay as described. 33 
To determine viability by crystal violet staining, cells 
were incubated in 0.75% crystal violet ethanol solution at 
room temperature for 15 min, washed, dried and photo- 
graphed. 

Bystander effect assays 

BOECs infected with MV-Edm were added to U87 
glioma cells seeded at 2 x 10 3 cells per well in DMEM 
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on collagen I-coated 96-well plates at ratios of 0, 0.1, 1.0 
and 10.0% for 4 days. Cell death was determined by the 
MTT assay. 

MV neutralization assays 

Serum was obtained from a healthy donor with immunity 
against measles as defined by high levels of measles- 
specific IgG antibodies using an appropriate ELISA. 
Nonimmune serum (as determined by ELISA) was 
obtained from nonimmune humans. Sera were centri- 
fuged at 14 000 r.p.m. for 10 min at 4 °C before use. 
5xl0 4 PFU MV-Edm-eGFP were incubated with MV 
immune serum or with nonimmune serum at concentra- 
tions of 0.0, 1.0 and 10.0% in OptiMEM at 37 °C for 
30 min. MV-Edm-eGFP at a MOI of 5 in 50 [il OptiMEM 
were added to 2 x 10 3 U87 glioma cells per well growing 
in collagen I-coated 96-well plates 2 h after infection, the 
infectious medium was removed, cells were washed once 
with PBS and then cultivated in supplemented DMEM. 
Cell viability was determined by crystal violet staining as 
described above. The spread of MV-Edm-eGFP and 
syncytia formation was monitored by fluorescence 
microscopy. 

MV protection by BOECs in vitro 

To investigate protection by BOECs of MV-Edm against 
the neutralizing effect of measles immune serum, BOECs 
were infected with MV-Edm-eGFP at a MOI of 2 in 
OptiMEM for 3 h at 37 °C and then maintained in 
supplemented ECBM-2 medium. Twenty-four hours 
after infection, BOEC /MV-Edm-eGFP were harvested 
and MV-Edm-eGFP were incubated in OptiMEM con- 
taining 0.0, 10.0, 50.0 and 90.0% measles immune serum 
at 37 °C for 30 min. Hundred BOEC /MV-Edm-eGFP or 
1 x 10 4 MV-Edm-eGFP per well were then added to U87 
glioma cells seeded at 2 x 10 3 cells per well on collagen I- 
coated 96-well plates. Two hours after the addition of 
BOEC /MV-Edm-eGFP or MV-Edm-eGFP, U87 cells were 
washed once with PBS followed by incubation in 
supplemented DMEM. 

To investigate the spread of MV-Edm from BOECs to 
U87 cells in the presence of measles immune serum, 
BOEC /MV-Edm were preincubated with 90% measles 
immune serum as above and then cocultivated with U87 
cells in the presence of 90% measles immune serum in 
supplemented DMEM for 4 days. 

Fluorescence-activated ceii sorting analysis 

Cells were incubated with phycoerythrin-conjugated 
monoclonal antibodies against CDlla, CDllb, CD49d, 
CD162 and CXCR4 (all from BD Biosciences Pharmingen, 
Heidelberg, Germany), with fluorescein isothiocyanate- 
conjugated monoclonal antibodies against cutaneous 
lymphocyte-associated Ag (BD Biosciences Pharmingen), 
VE-cadherin (Bender MedSystems, Vienna, Austria) and 
with unconjugated antibodies against VEGFR2 (Sigma, 
Munich, Germany), CD46 and integrin a v (3 5 (both from 
BD Biosciences Pharmingen) followed by fluorescein 
isothiocyanate-conjugated goat anti-mouse secondary 
antibody (DAKO, Hamburg, Germany). All incubations 
were performed for 30 min at 4 °C. Isotype- matched 
antibodies (BD Biosciences Pharmingen) served as 
controls. Analyses were performed using a FACScan 
flow cytometer and CellQuest software (BD Biosciences). 



Immunohistochemistry 

Organs were perfused with PBS and 4% paraformalde- 
hyde, further fixed for 2 h in 4% paraformaldehyde, 
cryoprotected in 20% sucrose/ PBS (Roth, Karlsruhe, 
Germany), embedded in optimal cutting temperature 
compound (Sakura Finetek, Zoeterwoude, The Nether- 
lands) at — 80 °C and serially cut into 7-jim-thick sections. 
Slides were micro waved in 0.01 M citrate acid solution 
(pH 6.0) twice for 5 min and incubated with 1% bovine 
serum albumin (Serva, Heidelberg, Germany). To detect 
BrdU-incorporating cells, slides were incubated with 
anti-BrdU monoclonal antibody (1:20; Roche, Mannheim, 
Germany) followed by alkaline phosphatase-conjugated 
anti-mouse IgG (Roche) and visualized by Fast Red 
(DAKO). To detect MV-Edm-infected cells, slides were 
blocked with MOM mouse Ig blocking reagent (Vector 
Laboratories Inc. Burlingame, CA, USA) and then 
incubated with mouse anti-measles hemagglutinin 
monoclonal antibody (Chemicon, Temecula, CA, USA) 
followed by alkaline phosphatase-conjugated anti-mouse 
IgG (DAKO) and visualized by Fast Red (DAKO). 
Hematoxylin was used for subsequent counterstaining. 

Animal studies 

Intracranial xenografting of human glioma cells. 5 x 10 5 
U87 glioma cells in 5 ul DMEM were stereotactically 
injected into the right striatum of Rag2~ / ~cyc~ / ~ mice. 
Mice were anesthetized with xylazine and ketamine during 
the procedure. All animal work was carried out in 
accordance with state guidelines for animal care and use. 

In vivo homing. Fourteen days after injection of U87 
cells, when tumors had formed, the mice received 6 Gy 
of cranial y-irradiation ( 137 Cs; Gammacell 40, Nordion, 
Kanata, Canada). Three days later, 1 x 10 5 BOECs pulsed 
with BrdU at a concentration of 10 uM for 5 days were 
injected into the tail vein once (n = 3). Tumor-bearing 
mice not receiving BOECs were used as controls (n = 3). 
One day later, brains were procured, fixed in 4% 
paraformaldehyde (PFA), cryosectioned and examined 
by immunohistochemistry for BrdU-incorporating cells 
as described above. 

Transfer of antibodies against measles virus into 
mice. Serum was isolated from a healthy donor with 
immunity against measles as determined by high levels 
of measles-specific IgG antibodies (index 7.247) using an 
ELISA (Enzygnost Anti-MeaslesVirus/IgG, DADE Behr- 
ing GmbH, Marburg, Germany). The serum was inacti- 
vated at 56 °C for 30 min, centrifuged at 14 000 r.p.m. for 
10 min and proven to completely neutralize MV-Edm 
in vitro (data not shown). 

To determine the duration of protection against 
measles, 500, 750 and 1000 |il of measles immune serum 
was injected intraperitoneally into two mice for each 
dose and blood was drawn at 1, 6, 18 and 28 h. The levels 
of measles-specific human IgG antibodies were deter- 
mined by ELISA (Enzygnost Anti-Measles-Virus/IgG, 
DADE Behring GmbH), previously validated to perform 
correctly after dilution in mouse serum. 

Intracranial migration of BOECs and fibroblasts. Mice 
with striatal U87 gliomas received 6 Gy of cranial 
y-irradiation. Two days later, mice were immunized with 
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500 ul human measles immune serum injected intraper- 
itoneally or were not immunized. Eighteen hours later, 

2 x 10 5 BOECs pulsed with BrdU and infected with 
MV-Edm were injected peritumorally (n — 4 for the 
immunized and nonimmunized group). A nonimmu- 
nized control group with irradiated gliomas received 
human foreskin fibroblasts pulsed with BrdU (n = 4). 
Two days after BOEC injection, mouse brains were 
procured, fixed in 4% PFA, cryosectioned and examined 
by immunohistochemistry for BrdU incorporation and 
for the presence of MV-Edm. 

In Vivo survival Studies. To determine the efficacy of 
intratumoral injections, mice with established striatal 
gliomas generated by the growth of 5 x 10 5 U87 cells for 
10 days received daily intratumoral injections given for 2 
days. Tumors of the treatment groups were injected with 

3 x 10 5 PFU MV-Edm in 5 ul OptiMEM (n = 5) or with 
2xl0 5 BOEC /MV-Edm harvested lh after infection 
with MV-Edm at a MOI of 1.5 (ft = 5). Tumors of the 
control group (n = 5) were injected with 5 ul PBS. 

To investigate the effects of intravenous injections, 
mice with established striatal U87 gliomas generated by 
the growth of 5 x 10 5 human U87 glioma cells for 4 days 
were subjected to 6 Gy of cranial y-irradiation. Two days 
later, mice were randomized into three groups to receive 
daily tail vein injections for 5 days. The treatment groups 
were injected with 4 x 10 5 PFU MV-Edm in 200 ul PBS 
(ft - 7) or with 2 x 10 5 BOEC /MV-Edm harvested 1 h 
after infection with MV-Edm at an MOI of 2 (ft = 6). The 
control group was injected with 200 ul PBS (ft = 8). 

To determine the efficacy of peritumoral injections, 
mice with striatal U87 gliomas established by the growth 
of 5 x 10 5 human U87 glioma cells for 4 days received 
6 Gy of cranial y-irradiation. Two days later, daily 
peritumoral injections of BOEC /MV-Edm were given 
for 3 days. Each day, injections were applied to a different 
peritumoral location, that is approximately 1 mm super- 
ior, 0.5 mm lateral and 0.5 mm posterior to the glioma. 
The treatment groups received 3 x 10 5 PFU MV-Edm in 
5 |il OptiMEM (ft = 7) or 2 x 10 5 BOEC/ MV-Edm har- 
vested 1 h after infection with MV-Edm at an MOI of 1.5 
(ft = 7). Control groups received 2 x 10 5 BOECs (ft = 7) or 
5 jil PBS (ft -6). 

Animals were followed until they were moribund, at 
which time they were killed. 

MR! scanning procedure and image analysis 
MRI was performed with formalin-fixed mouse brains 
on a 4.7-T BRUKER Biospec scanner (Bruker Biospin 
MRI, Ettlingen, Germany) by generating high-resolution 
T 2 - weighted spin echo images. Twenty sagittal and 20 
axial slices were acquired covering the entire brain (slice 
thickness: 0.5 mm). Images were analyzed using Para Vi- 
sion software (Bruker Biospin MRI). Borderlines of 
tumors were delineated using a tracking function, the 
volume of tumor tissue was calculated for each slice and 
then added from all slices to obtain the total tumor 
volume. 

Statistical analysis 

Survival data were analyzed by Kaplan-Meier estimator 
analysis and compared using the log-rank test. P<0.05 
were considered significant. 
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Human Mesenchymal Stem Cells Lack Tumor Tropism but 
Enhance the Antitumor Activity of Oncolytic Adenoviruses in 
Orthotopic Lung and Breast Tumors 
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ABSTRACT 

Systemic adenoviral delivery into tumors is inefficient because of liver sequestration of intravenously admin- 
istered virus. One potential solution for improving bioavailability is the use of carrier cells such as human 
mesenchymal stem cells (MSCs), which have been suggested to have inherent tumor tropism. Here we inves- 
tigated the capacity of capsid-modified adenoviruses to infect and replicate in MSCs. Further, biodistribution 
and tumor-killing efficacy of MSCs loaded with oncolytic adenoviruses were evaluated in orthotopic murine 
models of lung and breast cancer. In vitro, heparan sulfate proteoglycan- and a y p integrin-targeted viruses 
enhanced gene delivery to bone marrow- and adipose tissue-derived MSCs up to 11,000-fold over adenovirus 
serotype 5 (Ad5). Infectivity-enhanced oncolytic adenoviruses showed notably higher rates of cytolysis of in 
vitro -passaged MSCs in comparison with wild-type virus. In vivo, intravenously injected MSCs homed pri- 
marily to the lungs, and virus was released into advanced orthotopic breast and lung tumors for therapeutic 
efficacy and increased survival. When the same dose of virus was injected intravenously without MSCs, only 
transduction of the liver was seen. These results suggest that MSCs loaded with oncolytic adenoviruses might 
be a useful approach for improving the bioavailability of systemically administered oncolytic adenoviruses. 



OVERVIEW SUMMARY 

Human mesenchymal stem cells (MSCs) have been sug- 
gested to have inherent tumor tropism and could thus be 
exploited as efficient viral carriers in virotherapy. Her we 
show that infectivity of MSCs can be significantly enhanced 
via targeting of adenoviruses to alternative receptors and 
that MSCs are capable of supporting viral replication and 
release of infectivity enhanced oncolytic adenoviruses both 
in vitro and in vivo. In addition, intravenously administered 
MSCs loaded with oncolytic adenoviruses prolong survival 
of orthotopic lung tumor-bearing mice, and deliver antitu- 



mor efficacy in an orthotopic model of advanced breast can- 
cer. These results suggest that MSCs could be a potentially 
powerful tool for improving the bioavailability of and de- 
livering oncolytic viruses into human tumors in the context 
of human trials. 



INTRODUCTION 

Oncolytic adenoviruses are promising experimental tools 
for therapy of tumors resistant to available modalities. The 
use of these viruses is based on their ability to destroy tumor 
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cells by viral replication, that is, oncolysis (Bauerschmitz et aL, 
2002). After oncolysis, newly produced viruses will be released 
to surrounding tumor tissue. Thus, the input dose of the on- 
colytic viruses is multiplied rapidly because of viral replication, 
which increases tumor penetration and the subsequent thera- 
peutic potency. However, replication needs to be limited to tu- 
mor tissue in order to minimize adverse side effects. In the ad- 
enovirus genome, the El region contains several genes that 
regulate initialization of viral replication (Russell, 2000). There 
are two main approaches that have been shown to be promis- 
ing strategies for restriction of viral replication. The first is 
based on partial deletions in the El region that are /raws-com- 
plemented in tumor cells. For example, deleting 24 bp from 
constant region 2 of El A limits replication to cells in which the 
pl6/Rb pathway is dysregulated, which includes the majority 
of human cancer cells (Sherr, 1996; Fueyo et aL, 2000; Heise 
et aL, 2000). In the second approach, tumor-specific promoters 
are employed to control El A expression (Bauerschmitz et aL, 
2002). In addition, the two approaches can be combined for fur- 
ther specificity, although loss of efficacy can result from some 
combinations (Nettelbeck et aL, 2002; Bauerschmitz et aL, 
2006). 

To infect cells, most serotypes of adenovirus bind first to 
coxsackievirus-adenovirus receptor (CAR), which is expressed 
ubiquitously on most tissues (Law and Davidson, 2005). Sec- 
ond, adenovirus binds to cellular a v /3-class integrins, which 
triggers the internalization of the virus. Unfortunately, CAR is 
often expressed to a variable degree in many or most tumor 
types (Li et aL, 1999; Bauerschmitz et aL, 2002; Kanerva et 
aL, 2002), which can lead to decreased infection efficacy and 
oncolytic potency. To improve the specificity and/or efficacy 
of oncolytic adenoviruses, they can be modified to bind alter- 
native receptors highly expressed on cancer cells. Several stud- 
ies have shown that oncolytic adenoviruses can be targeted to, 
for example, a y p integrins, adenovirus serotype 3 (Ad3) re- 
ceptor, polyanionic heparan sulfate proteoglycans (HSPGs), 
and epidermal growth factor receptor (EGFR) (Hemminki et 
aL, 2001; Suzuki et aL, 2001; Kanerva et aL, 2003; Ranki et 
aL, 2007a). 

Although the infectivity and specificity of adenoviruses can 
be enhanced, there are still several obstacles that may hinder 
the systemic bioavailability of adenoviruses. Intravenous de- 
livery would be attractive, because most patients in need of ex- 
perimental treatments feature disseminated disease. Despite re- 
targeting, the majority of systemically administered adenovirus 
accumulates in the liver. More specifically, hepatic Kupffer 
cells clear viruses rapidly from blood, which decreases dra- 
matically the amount of available therapeutic virus (Alemany 
et aL, 2000). Data suggest that blood factors including vitamin 
K-dependent coagulation zymogens (e.g., factor IX [FIX] and 
factor X [FX]) and complement protein C4BP are involved in 
transduction of hepatocytes by adenovirus, which may be an 
important determinant of liver tropism and toxicity 
(Shayakhmetov et aL, 2005; Parker et aL, 2006). In addition, 
innate and adaptive immune responses may eliminate thera- 
peutic viruses (Bessis et aL, 2004) In fact, it has been reported 
that more than 50% of the adult population have variable lev- 
els of preexisting neutralizing antibodies against adenoviruses 
(Harvey et aL, 1999). Further, advanced solid tumor masses are 
intricate and complex, comprising, for example, hypoxic, 



necrotic, and stromal areas, which may prevent the access of 
the viruses into all regions of the tumor. 

One potential solution for circumventing some of these prob- 
lems might be to engineer cells as viral carriers. Previously, 
certain types of cells have been used for sustained local pro- 
duction of retroviruses, cytokines, and human endostatin 
(Savelkoul et aL, 1994; Sandmair et aL, 2000; Joki et aL, 2001). 
However, these cells lack the capability to home into target tis- 
sue, are typically allogeneic, and therefore require encapsula- 
tion to avoid immune responses. 

Human mesenchymal stem cells (MSCs) have been the fo- 
cus for various therapeutic purposes. MSCs are bone marrow- 
or fat tissue-originating precursor cells, which can differentiate 
into adipocytes, chondrocytes, osteoblasts, myoblasts, and teno- 
cytes (Prockop, 1997). There are also some MSCs present in 
blood, from where they are recruited to repair injured tissues 
(Prockop, 1997; Studeny et aL, 2004). It has been hypothesized 
that the tumor environment resembles injured tissue and there- 
fore circulating MSCs would home into tumor tissue (Dvorak, 
1986; Studeny et aL, 2002, 2004). In fact, studies have shown 
that genetically modified MSCs are capable of homing into tu- 
mors and show antineoplastic activity in vivo in xenograft 
murine glioma, melanoma, and ovarian and breast cancer mod- 
els (Studeny et aL, 2002, 2004; Nakamizo et aL, 2005; Ko- 
marova et aL, 2006). 

The aim of this project was to use human MSCs as carriers 
for oncolytic adenoviruses, thereby combining cellular tropism 
for tumors with the antitumor effect provided by oncolytic ade- 
noviruses. Specifically, we investigated the capacity of capsid- 
modified adenoviruses to infect and replicate in MSCs. Further, 
biodistribution, tumor-homing ability, and tumor-killing effi- 
cacy of systemically delivered, virus-loaded MSCs in ortho- 
topic lung and breast cancer tumor models were evaluated. 



MATERIALS AND METHODS 

Cells 

Bone marrow-derived human mesenchymal stem cells were 
isolated as described previously (Leskela et aL, 2003). Half the 
medium (a-modified essential medium [GIBCO, Paisley, UK] 
supplemented with 10% fetal bovine serum [FBS], 2 mM L-glu- 
tamine, 20 mM HEPES, and a 10-ml/liter concentration of an- 
tibiotic solution [penicillin, 10,000 U/ml; streptomycin, 10 
mg/ml] [Sigma, St. Louis, MO]) was replaced two times per 
week. Adipose stem cells were obtained from human subcuta- 
neous and intraperitoneal adipose tissue. Fat tissue was washed 
with sterile phosphate-buffered saline (PBS) and digested with 
collagenase type I (1.5 mg/ml; GIBCO) in Dulbecco's modi- 
fied Eagle's medium-Ham's nutrient mixture F-12 
(DMEM-F12) (1:1, v/v; Sigma) supplemented with penicillin 
(100 U/ml), streptomycin (100 fig/ml), and amphotericin B 
(0.25 Atg/ml) (1% antibiotic-antimycotic; GIBCO) for 45-90 
min at 37°C with gentle agitation. The digested tissue was cen- 
trifuged and the supernatant with mature adipocytes was re- 
moved. The cellular pellet was resuspended in sterile H 2 0 to 
lyse the red blood cells and the stem cell fraction was collected 
by centrifugation. The cellular pellet was resuspended in 
DMEM-F12 supplemented with 10% FBS and 1% antibi- 



MSCs AS CARRIERS FOR ONCOLYTIC ADENOVIRUSES 



629 



otic-antimycotic and filtrated through a 100-/xm mesh filter to 
remove debris. The collected adipose stem cells were plated on 
25-cm 3 tissue culture flasks. Growth medium was replaced 
partly two times per week. For the in vitro and in vivo experi- 
ments cells were trypsinized, counted, and plated before reach- 
ing confluence. Green fluorescent protein (GFP)-expressing 
large cell lung carcinoma line LNM35/EGFP (from T. Taka- 
hashi, Honda Research Institute, Japan) and breast cancer cell 
line M4A4-LM3 (Goodison et al, 2005) were cultured in RPMI 
supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 
and a 10-ml/liter concentration of antibiotic solution (penicillin, 
10,000 U/ml; streptomycin, 10 mg/ml) (Sigma). MSCs, 
LNM35/EGFP cells, and M4A4-LM3 cells were cultured at 
37°C in a humidified atmosphere of 5% C0 2 . 

Recombinant viruses 

Viruses used in this study are listed in Table 1. Nonrepli- 
cating adenoviruses and oncolytic adenoviruses were propa- 
gated in 293 and A549 cells, respectively. Viruses were puri- 
fied by standard cesium chloride gradient techniques, and 
quality control was performed by polymerase chain reaction 
(PCR). Viral particles (VP) were determined by spectropho- 
tometry and infectious units are expressed as the median tissue 
culture infective dose (TCID50). 

Flow cytometry 

For flow cytometric analysis, cells (2 X 10 5 ) were incubated 
for 20 min at 4°C with the following primary antibodies at 1:200 
dilution: anti-CAR (clone RmcB; Upstate Cell Signaling Solu- 



tions/Millipore, Lake Placid, NY), anti-HSPG (clone F58-10E4; 
Seikagaku, Falmouth, MA), anti-a v /33 integrin (clone LM609; 
Chemicon International/Millipore, Temecula, CA), anti-a v j3 5 
integrin (clone P1F6; Chemicon International/Millipore), or 
anti-CD46 (clone E4.3; BD Biosciences, San Jose, CA). Cells 
were washed with fluorescence-activated cell-sorting (FACS) 
buffer (phosphate-buffered saline containing 2% FBS) and in- 
cubated with a 1 :200 dilution of phycoerythrin (PE)-labeled sec- 
ondary antibody (goat anti-mouse polyclonal antibody; BD Bio- 
sciences) for 30 min at 4°C. Cells were washed with FACS 
buffer and analyzed by flow cytometry (FACSCalibur; BD Bio- 
sciences) to determine receptor expression levels. Nonstained 
cells were used as a negative control. 

Transduction efficacy assay 

Adipose tissue- and bone marrow-derived MSCs were in- 
fected with AdSlucl, Ad5(GL), Ad5/31ucl, Ad51ucRGD, 
Ad5.pK7(GL), or Ad5.RGD.pK7(GL) for 2 hr, using 50, 100, 
500, and 1000 VP/cell. Lucif erase activity was determined 48 
hr postinfection with a luciferase assay system (Promega, Madi- 
son, WI) according to the manufacturer' s protocol. Values are 
presented as relative to syngeneic control viruses [Ad51ucl and 
Ad5(GL)], which have been given a value of 1. 

Cell viability assay 

Adipose tissue- and bone marrow-derived MSCs were infected 
with Ad300wt, Ad5A24E3 + , Ad5/3-A24, Ad5-A24RGD, or 
Ad5.pK7-A24, using 0.1, 1, 10, 100, 1000, and 10,000 VP/cell. 
Growth medium was changed every third day. Cell viability 



Table 1 . Replication-Deficient and Oncolytic Adenoviruses Used in This Study 



Virus 


E1A 


Transgene 


Capsid modification 


Target receptor 


Ad51ucl (Dmitriev et al, 


Deleted 


luciferase 




CAR 


1998) 










Ad5(GL) (Wu et al, 


Deleted 


GFP and 




CAR 


2002) 




luciferase 






Ad5/31uc2 (Kanerva et al, 


Deleted 


luciferase 


Serotype 3 knob 


Unknown and 


2002) 








CD46 


Ad51ucRGD (Dmitriev 


Deleted 


luciferase 


RGD-4C motif in the 


a v /3 integrins and 


et al, 1998) 






HI loop 


CAR 


Ad5.pK7(GL) (Wu et 


Deleted 


GFP and 


Seven polylysines at the 


Heparan sulfates 


al, 2002) 




luciferase 


COOH terminus 


and CAR 


Ad5.pK7LacZ 




lacZ 


Seven polylysines at the 
COOH terminus 


Heparan sulfates 
and CAR 


Ad5.RGD.pK7(GL) 


Deleted 


GFP and 


RGD-4C motif in the 


a y p integrins, 


(Wu et al, 2002) 




luciferase 


HI loop and seven 
polylysines at the COOH 
terminus 


heparan sulfates, 
and CAR 


Ad300wt 


Intact 






CAR 


Ad5A24D3+ (Suzuki 


24-bp 






CAR 


et al, 2001) 


deletion 








Ad5/3-A24 (Kanerva 


24-bp 




Serotype 3 knob 


Unknown and 


et al, 2003) 


deletion 






CD46 


Ad5-A24RGD (Suzuki 


24-bp 




RGD-4C motif in the 


a v /3 integrins and 


et al, 2001) 


deletion 




HI loop 


CAR 


Ad5.pK7-A24 (Ranki 


24-bp 




Seven polylysines at the 


Heparan sulfates 


et al, 2007a) 


deletion 




COOH terminus 


and CAR 



Abbreviation: CAR, coxsackievirus-adenovirus receptor. 
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was determined 10 days postinfection with CellTiter 96 
AQ U eous One Solution cell proliferation assay [also called the 
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2- 
(4-sulfophenyl)-2//-tetrazolium [MTS] assay; Promega). 

In vivo studies 

Female 3- to 4-week-old NMRI nude mice were obtained 
from Taconic (Ejby, Denmark). The orthotopic lung tumor 
model used in these studies has been described in more detail 
by Sarkioja et al. (2006). Tumor growth was monitored by de- 
tecting GFP with the IVIS imaging system 100 series (Xenogen, 
Alameda, CA). To facilitate imaging in the in vivo experiments, 
a mixture of replication-deficient luciferase-expressing virus 
and therapeutic virus was used. The dose of intravenously in- 
jected virus was equal to the dose used for infecting MSCs. 
Bone marrow-derived MSCs were used for in vivo experiments. 
In the systemic delivery study, 5 days after cancer cell inocu- 
lation, each mouse received intravenously either virus only 
[1.4 X 10 8 VP of Ad5.pK7(GL) + 7 X 10 7 VP of Ad5.pK7- 
A24], 7 X 10 5 MSCs preinfected with replication-deficient ad- 
enovirus [Ad5.pK7(GL) at 200 VP/cell + Ad5pK7LacZ at 100 
VP/cell] or 7 X 10 5 MSCs preinfected with oncolytic aden- 
oviruses [Ad5.pK7(GL) at 200 VP/cell + Ad5.pK7-A24 at 100 
VP/cell]. To visualize viral distribution, luciferin (4.5 
mg/mouse) was injected intraperitoneally followed by biolu- 
minescence imaging. Mice were imaged 15 min after MSC ad- 
ministration and again 3, 7, and 10 days later. For kinetic stud- 
ies, orthotopic lung tumor-bearing mice received treatments as 
described above and bioluminescence imaging was performed 
at 15 min, 8 hr, and 24 hr. Images were captured after removal 
of the skin and again after removal of the abdominal wall and 
ribs. To track the MSCs in vivo, cells were labeled before in- 
travenous injection with Vybrant CM-Dil cell-labeling solution 
according to the manufacturer's protocol (Invitrogen Molecu- 
lar Probes, Eugene, OR). Tumor-free and lung or breast tumor- 
bearing mice were killed 24 hr later and tissues were fixed with 
4% paraformaldehyde and embedded into paraffin. Histologi- 
cal sections were examined under a fluorescence microscope. 
In the survival experiment, tumor-bearing mice received intra- 
venously either MSCs (7 X 10 5 cells per mouse, n = 5), virus 
[1.4 X 10 8 VP of Ad5.pK7(GL) + 7 X 10 7 VP of Ad5.pK7- 
A24, n = 10], MSCs infected with nonreplicating adenovirus 
[Ad5.pK7(GL) at 200 VP/cell + Ad5pK7LacZ at 100 VP/cell, 
7 X 10 5 cells per mouse, n = 6], or MSCs infected with on- 
colytic adenoviruses [Ad5.pK7(GL) at 200 VP/cell of + 
Ad5.pK7-A24 at 100 VP/cell, 7 X 10 5 cells per mouse, n = 10] 
7, 11, and 15 days after cancer cell inoculation. The health of 
the mice was monitored daily and mice were killed according 
to humane end-point guidelines. 

The orthotopic breast cancer model used in these studies has 
been described in more detail by Ranki et al. (2007a). Briefly, 
2 million M4A4-LM3 cells were injected into both the right 
and left second lowest mammary fat pads. Tumors were allowed 
to develop until they reached a diameter of approximately 0.4 
cm. Tumor-bearing mice received intravenously either saline 
in = 12 tumors in 6 mice), MSCs (n = 10 tumors in 5 mice), 
virus (n = 12 tumors in 6 mice), MSCs infected with non- 
replicating adenovirus (n = 8 rumors in 4 mice), or MSCs in- 
fected with oncolytic adenoviruses (n = 8 tumors in 4 mice) 



14, 19, 24, and 35 days after cancer cell inoculation. Tumors 
were measured in two dimensions with calipers and tumor vol- 
umes were calculated according to the following formula: 
length X width 2 X 0.5. Data are expressed as percentage of the 
tumor volume at the initiation of therapy, which was set as 
100%. To determine the number of functional viral particles in 
tumor tissue, breast cancer tumors treated with MSCs plus on- 
colytic adenovirus (n = 8) or virus only (n = 8) were harvested, 
mechanically homogenized, and subjected to three freeze-thaw 
cycles. Cell remnants were centrifuged and collected super- 
natants were used in the TCID 50 assay. Data are expressed as 
plaque-forming units per gram of tumor tissue. All animal ex- 
periments were approved by the Experimental Animal Com- 
mittee of the University of Helsinki (Helsinki, Finland) and the 
provincial government of southern Finland. 

Statistical analysis 

Analysis of transduction efficacy and viral replication data 
was performed by one-way analysis of variance (ANOVA) with 
Bonferroni's post-hoc test. Survival analysis was conducted 
with PROC LIFETEST (SAS version 9.1; SAS Institute, Cary, 
NC), using a Wei bull distribution. The distribution of event 
times was assessed by evaluation of log-log survivor plots of 
the data. Our main interest was to determine whether MSCs 
could improve the efficacy of oncolytic virus and therefore the 
parameter estimates of the effect of treatment versus virus only 
were evaluated by x 2 test - Analysis of the tumor size data was 
performed with a repeated measures growth model with PROC 
MIXED (SAS version 9.1). Tumor size data were log trans- 
formed for normality. The effects of treatment group, time, and 
the interaction of treatment group and time were evaluated by 
F tests. Curvature in the growth curves was tested for by a qua- 
dratic term for time. The site of tumor (left vs. right) was in- 
cluded as an additional covariate. The a priori planned com- 
parisons of differences in predicted treatment means of all 
groups to the MSCs loaded with oncolytic adenovirus group 
were computed by t statistics averaged over all time points and 
on day 36. Analysis of TCID50 data was performed with an un- 
paired / test with Welch's correction. For all analyses p < 0.05 
was deemed statistically significant. 

RESULTS 

Infectivity of MSCs can be significantly enhanced 
with capsid-modified adenoviruses 

To study adenoviral infectivity, bone marrow- and fat tissue- 
derived human MSCs were transduced with Ad3 receptor-, a v /3 
integrin-, and HSPG-targeted luciferase-expressing replication- 
deficient adenoviruses (Fig. 1). When compared with control 
virus, infection with HSPG-targeted virus significantly en- 
hanced transduction efficiencies up to 11,000-, 1200-, and 140- 
fold (all p < 0.001), whereas targeting to a y /3 integrins en- 
hanced transduction up to 1100-, 1100-, and 40-fold (p < 0.001, 
p < 0.01, and p < 0.05, respectively) in adipose tissue-derived 
MSCs (Fig. 1A-C). Similarly, in bone marrow-derived MSCs, 
HSPG targeting significantly increased gene transfer rates 900- 
and 400-fold (both p < 0.001) and a v /3 integrin targeting 190- 
and 120-fold over control virus (both p < 0.001) (Fig. ID and 
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E). Also, minor infectivity enhancement was seen with Ad3 re- 
ceptor-targeted virus in adipose tissue MSCs (Fig. 1A-C), but 
not in bone marrow MSCs (Fig. ID and E). 

To determine the expression levels of proposed target recep- 
tors including CAR, a v j8 3 integrin, a v jS 5 integrin, HSPG, and 
CD46 (one of the proposed receptors for Ad3 [Sirena et aL, 2004; 
Shen et aL, 2006]), antibody-stained cells were analyzed by flow 
cytometry (Fig. IF and G). Both types of MSCs were CAR neg- 
ative, but moderately expressed both a v fi integrins and HSPG. 
Surprisingly, both cell types stained strongly for CD46, despite 
only minor infectivity enhancement with Ad5/31ucl. 

Capsid-modified oncolytic adenoviruses 
replicate in MSCs 

To determine whether oncolytic viruses can be released from 
in vtfropassaged MSCs, cells were infected with a panel of 
capsid-modified oncolytic adenoviruses harboring a 24- bp dele- 
tion in El A, and cell viability was analyzed by MTS assay (Fig. 



2). In comparison with wild-type virus and untargeted oncolytic 
adenovirus, HSPG-targeted virus showed significantly higher 
cytolysis rates both in adipose tissue-derived cells (Fig. 2A and 
B) and bone marrow-derived cells (Fig. 2C and D) (p < 0.001 
for all comparisons when 1-1000 VP/cell was used). Similarly, 
a v p integrin targeting significantly enhanced cytolysis when 
compared with control viruses (Fig. 2A-D) (p < 0.001 for all 
comparisons when 10-1000 VP/cell was used). Although Ad3 
receptor targeting did not improve transduction efficiency re- 
markably, it did enhance cytolysis significantly, especially in 
adipose tissue-derived cells, when compared with control 
viruses (p < 0.001 for all comparisons when 10-1000 VP/cell 
was used). Control viruses without capsid modification resulted 
in cytolysis only with the highest viral doses. 

MSCs home to lungs in vivo 

To test whether MSCs could support viral replication and re- 
lease in the context of orthotopic lung tumors, tumor-bearing 
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FIG. 2. Replication of infectivity-enhanced oncolytic adenoviruses and consequent cytolysis of MSCs. Adipose tissue-derived 
(A and B) and bone marrow-derived (C and D) MSCs were infected and cell viability was determined 10 days later. Error bars 
indicate the standard error of the mean. 
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mice received a single dose of intravenous oncolytic adenovi- 
rus (Fig. 3A-D) or MSCs infected either with replication-defi- 
cient (Fig. 3E-H) or oncolytic adenovirus (Fig. 3I-L). Because 
a mixture of luciferase-expressing virus and therapeutic virus 
was used, we were able to monitor biodistribution of the virus- 
loaded MSCs and kinetics of viral release. Our previous stud- 
ies have shown consistent correlation between noninvasive ex- 
ternal detection of lucif erase and the presence of both luciferase 
protein and viral particles in tissues (Sarkioja et al, 2006; Guse 
et al, 2007; Ranki et al, 2007a, b). Therefore, to reduce the 
number of animals needed, we chose to use the noninvasive 
bioimaging system instead of conventional luciferase quantifi- 
cation from tissue extracts. Fifteen minutes after injection, a lu- 
ciferase signal was detected from the lungs of all MSC-treated 
mice (Fig. 3E and I). Approximately 10-fold higher expression 
was achieved when MSCs were preinfected with oncolytic ade- 
noviruses in comparison with replication-deficient adenoviruses 
(Fig. 4A). No signal was obtained from mice treated only with 
virus, because of lack of sufficient time for luciferase produc- 
tion (Fig. 3A). 

Three days later, a weak luciferase signal was detected from 
the lungs of the mice that received MSCs preinfected with repli- 
cation-deficient adenovirus (Figs. 3F and 4A). In contrast, mice 
treated with oncolytic adenovirus-loaded MSCs displayed a 
strong luciferase signal in the liver (Figs. 3J and 4A), suggest- 
ing release of the virus from MSCs and subsequent liver trans- 
duction. As expected, a similar but 60 times weaker luciferase 
signal was captured from livers of mice treated with virus only 
(Figs. 3B and 4A). Because virus-only treatment gave a weaker 
liver luciferase signal than MSCs carrying oncolytic virus, 
viruses probably amplified in MSCs before release, or in lung 
tumors subsequent to release. Both 7 and 10 days after the in- 
jections, mice treated with virus only (Fig. 3C and D and Fig. 
4 A) or with oncolytic adenovirus-loaded MSCs (Fig. 3K and L 
and Fig. 4A) showed detectable luciferase expression in liver 
whereas no luciferase signal was obtained from mice treated 
with replication-deficient adenovirus-loaded MSCs (Fig. 3G 
and H and Fig. 4A). 

For more precise study of the kinetics of viral release from 
virus-loaded MSCs, lung tumor-bearing mice were treated in- 
travenously either with virus only or with MSCs loaded with 
oncolytic adenovirus, followed by bioluminescence imaging 15 
min, 8 hr, and 24 hr later (Fig. 4B-K). To unequivocally dis- 
tinguish the luciferase signal from different organs, the ab- 
dominal skin was removed before the first set of imaging (Fig. 
4B, D, F, H, and J) and the abdominal wall and ribs (Fig. 4C, 
E, G, I, and K) were removed before the second set. After in- 
jection of cells, a strong lung-specific luciferase signal was soon 
detected from mice treated with oncolytic adenovirus-loaded 
MSCs (Fig. 4F and G). Luciferase expression was also seen 
preferentially in the lungs at the 8-hr time point, whereas mice 
treated only with virus displayed a luciferase signal preferen- 
tially from the liver throughout the experiment (Fig. 4H and I 
and Fig. 4B-E, respectively). When virus-loaded MSC-treated 
mice were imaged 24 hr after injection of cells, a strong lucif- 
erase signal was still obtained from the lungs but some lucif- 
erase expression emerged also from the liver (Fig. 4J and K). 
Because mice were dead by the time luciferase analysis was 
performed after removal of the abdominal wall and ribs, lucif- 
erase signals quickly declined, probably because of rapid post- 



mortem ATP degradation. When Dil-labeled MSCs were in- 
jected intravenously into tumor-free mice (Fig. 5A and B) and 
into lung tumor-bearing mice (Fig. 5C and D) or breast tumor- 
bearing mice (Fig. 5E and F), a strong fluorescence signal was 
obtained symmetrically from both lungs, suggesting accumula- 
tion preferentially in the lungs instead of specificity for tumors. 
No MSCs could be found in breast tumors. 

Intravenously delivered MSCs loaded with oncolytic 
adenoviruses prolong survival of mice with orthotopic 
lung cancer 

To test whether MSC carriers could increase the therapeutic 
potency of oncolytic adenoviruses, a survival experiment was 
carried out in an aggressive orthotopic lung tumor model (Fig. 
6A). Tumor-bearing mice received three doses of virus, MSCs, 
MSCs preinfected with replication-deficient adenovirus, or 
MSCs preinfected with oncolytic adenovirus. The median sur- 
vival times were 23, 25, 27, and 28 days, respectively. How- 
ever, a subpopulation of mice treated with MSCs loaded with 
oncolytic viruses benefited from the treatment, and statistical 
analysis revealed a significant survival advantage in compari- 
son with mice treated only with virus (p = 0.0031). Despite the 
extremely aggressive nature of the model (resembling most clin- 
ical cases), one mouse treated with MSCs loaded with oncolytic 
adenoviruses survived until the end of experiment (day 111). 

MSCs loaded with oncolytic viruses deliver 
antitumor effect in orthotopic murine model 
of advanced breast cancer 

To study whether oncolytic adenovirus-loaded MSCs could 
yield efficacy in another animal model, an orthotopic murine 
model of advanced breast cancer was used (Fig. 6B). MSCs 
loaded with oncolytic adenovirus significantly inhibited tumor 
growth when compared with control-treated mice (p < 0.001). 
To explore the presence of virus, tumors were analyzed by 
TCID50 assay (Fig. 6C). In comparison with the group treated 
only with virus, more than 10 times more virus was found when 
MSC carriers were used (p = 0.0347). 

DISCUSSION 

Although serotype 5-based adenoviruses are the most widely 
used tools in cancer gene therapy, there are obstacles that limit 
their efficacious intravenous use. For example, the immune sys- 
tem can prevent effective readministration, and hepatic uptake 
by Kupffer and other macrophage lineage cells can result in de- 
creased bioavailability (Harvey et al, 1999; Alemany et al, 
2000; Bessis et al, 2004). Second, CAR is often variably ex- 
pressed on tumor cells, which hinders adequate gene delivery 
(Bauerschmitz et al, 2002). 

Both unmodified and genetically engineered MSCs have 
been used for various cell-based therapeutic approaches, in- 
cluding bone regeneration for treatment of osteogenesis imper- 
fecta, regeneration of heart muscle after myocardial infarction, 
and for treatment of Parkinson's disease (Chamberlain et al, 
2004; Amado et al, 2005; Lu et al, 2005; Miyahara et al, 
2006). In addition, a number of studies have confirmed the im- 
mune-privileged nature of MSCs, and their ability to avoid al- 



MSCs AS CARRIERS FOR ONCOLYTIC ADENOVIRUSES 635 




FIG. 4. Quantification of viral delivery and kinetics of viral release from systemically delivered MSCs in vivo. Lucif erase sig- 
nals obtained after systemic delivery of MSCs loaded with oncolytic adenovirus into lung tumor-bearing mice (see Fig. 3) are 
presented as numeric values (A). For kinetic studies, orthotopic lung tumor-bearing mice received intravenously either oncolytic 
virus alone (B-E) or MSCs infected with oncolytic adenovirus (F-K). Bioluminescence imaging was performed after removal 
of skin (B, D, F, H, and J) or after removal of the abdominal wall and ribs (C, E, G, I, and K) 15 min, 8 hr, and 24 hr after vi- 
ral administration. 
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FIG. 5. MSC homing to lungs in vivo. Dil- labeled MSCs were injected intravenously into mock- treated mice (A and B), lung 
tumor-bearing mice (C and D), and breast tumor-bearing mice (E and F). Lungs were harvested 24 hr later and histological sec- 
tions were examined by fluorescence microscopy. Regardless of the tumor burden status or site, Dil-labeled MSCs were detected 
mainly in the lungs 24 hr after injection. 



FIG. 6. Therapeutic efficacy of MSCs loaded with oncolytic adenovirus. (A) Orthotopic lung tumor- bearing mice received in- 
travenously either MSCs (n = 5), virus (n = 10), MSCs infected with nonrepli eating adenovirus (n = 6), or MSCs infected with 
oncolytic adenoviruses (n = 10) on days 7, 11, and 15. Treatment with MSCs loaded with oncolytic adenoviruses significantly 
prolonged the survival of the mice in comparison with virus only = 0.0031). (B) Orthotopic breast tumor- bearing mice re- 
ceived intravenously either saline (n = 12 tumors in 6 mice), MSCs (n = 10 tumors in 5 mice), virus (n = 12 tumors in 6 mice), 
MSCs infected with nonreplicating adenovirus (n = 8 tumors in 4 mice), or MSCs infected with oncolytic adenoviruses (n = 8 
tumors in 4 mice) 14, 19, 24, and 35 days after cancer cell inoculation. Tumor growth was significantly inhibited with oncolytic 
virus-loaded MSCs when compared with mock and virus only-treated groups (***, both p < 0.0001), or to MSCs preinfected 
with replication-deficient adenovirus (p = 0.0002). (C) Virus present in orthotopic breast cancer tumors were determined from 
homogenized tumor lysates (n = 8) using TCID50 assay. When compared with virus-only-treated tumors, MSCs significantly en- 
hanced viral delivery (p = 0.0347). 
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logeneic rejection in humans and animal models, which broad- 
ens the potential for their therapeutic use (Le Blanc et aL, 2004; 
Aggarwal and Pittenger, 2005). Modified MSCs have already 
been used preclinically as anticancer therapeutics for glioma, 
metastatic melanoma, and ovarian cancer (Studeny et aL, 2002, 
2004; Nakamura et aL, 2004; Nakamizo et aL, 2005; Komarova 
et aL, 2006). 

Unfortunately, genetic manipulation of MSCs with gene 
transfer vectors is potentially challenging. For instance, infec- 
tivity of MSCs with serotype 5 adenoviruses has been shown to 
be quite inadequate because of low CAR expression levels on 
MSCs (Conget and Minguell, 2000; Studeny et aL, 2002; 
Mizuguchi et aL, 2005). To compensate, MSCs have been in- 
fected with relatively high viral doses or capsid-modified viruses 
(Olmsted-Davis et aL, 2002; Pereboeva et aL, 2003; Knaan- 
Shanzer et aL, 2005; Mizuguchi et aL, 2005; Komarova et aL, 
2006). On the basis of our results, transduction of MSCs can be 
increased up to 1 100- and 1 1,000- fold by using a y p integrin- or 
HSPG-targeted adenoviruses, respectively. Thus, substantially 
smaller viral doses are needed for gene transfer. Interestingly, 
both types of MSCs showed high expression levels of CD46, a 
proposed Ad3 receptor, although an Ad3 receptor- targeted virus 
did not notably enhance transduction. These findings are in ac- 
cordance with data suggesting that CD46 is not the only recep- 
tor for adenovirus serotype 3 (Gaggar et aL, 2003; Tuve et aL, 
2006), especially regarding the 5/3 chimera used here, which 
features the long and bent shaft from Ad5 (the Ad3 receptor 
shaft is short and rigid) and just the knob from Ad3 receptor. 

To use MSCs as carriers for oncolytic adenoviruses, MSCs 
must support viral replication and release. Preliminary data 
from Komarova and coworkers suggest that 5/3 -modified wild- 
type adenoviruses can indeed replicate in MSCs (Komarova et 
aL, 2006). However, they did not use a tumor-selective virus 
or employ systemic delivery. To study the capacity of infec- 
tivity-enhanced tumor-specific oncolytic viruses to be released 
from MSCs, we used MSCs from various tissues and a panel 
of viruses currently undergoing clinical development for the 
treatment of human cancers (Raki et aL, 2006). We found that 
viral cytolysis closely correlated with gene transfer; MSCs were 
able to support the viral replication of capsid-modified aden- 
oviruses whereas the replication rates of viruses with Ad5 cap- 
sids remained low. These results parallel earlier studies show- 
ing close correlation between infectivity, replication, and 
subsequent oncolysis (Suzuki et aL, 2001; Kanerva et aL, 2003; 
Kuhnel et aL, 2004; Reddy et aL, 2006). 

Although viral release from MSCs was evident, the rate of 
cytolysis was notably lower than previously seen in the context 
of various cancer cells. The 24-bp deletion in the constant re- 
gion 2 of El A has been shown to result in preferential replica- 
tion in pl6/Rb pathway-deficient cells (Fueyo et aL, 2000; 
Heise et aL, 2000). However, rapidly proliferating normal cells 
feature phosphorylation of retinoblastoma protein (Rb), which 
would be expected to allow replication of A24-type viruses, ex- 
plaining the replication seen here (Heise et aL, 2000). Although 
MSCs do not replicate rapidly in vitro, they can be expanded 
and therefore most cells are expected to be in a state of slow 
proliferation when passaged in vitro. We speculate that together 
with the effective infection accomplished in vitro, this is what 
allowed the release of oncolytic viruses from MSCs. However, 
it is likely that a much smaller proportion of MSCs would pro- 



liferate in humans, that infection would be less efficient, and 
therefore that normal dormant MSCs might not be subject to 
cytolysis. Although these findings emphasize the need for care- 
ful monitoring of toxicity in clinical trials with these agents, 
potential toxicity to replicating cells is not unprecedented. In- 
stead, hundreds of millions of patients have been treated with 
chemotherapy and radiation therapy, both of which target cells 
mainly on the basis of replicativity and therefore this mode of 
potential toxicity would be familiar to oncologists. 

We did not detect differences in the relative attractiveness 
of bone marrow- or adipose tissue-derived MSCs as both 
seemed to allow effective release of oncolytic virions. In fact, 
it has been suggested that there might be similarities between 
adipose- and bone marrow-derived MSCs both on biological 
and molecular levels (Izadpanah et aL, 2006; Kern et aL, 2006; 
Talens-Visconti et aL, 2006). 

To test whether virus-loaded MSCs could efficiently deliver 
viruses into tumors for improved therapeutic potency, a set of 
experiments was performed with orthotopic lung and breast can- 
cer models. Because of its superiority in vitro, the HSPG-tar- 
geted Ad5.pK7-A24 was used. Our previous studies with these 
orthotopic tumor models have shown that the biodistribution 
pattern of HSPG-targeted adenovirus is similar to that of Ad5. 
Although some virus can be detected in tumors after intravenous 
injection, the vast majority are found in the liver, spleen, and 
lungs (Sarkioja et aL, 2006; Ranki et aL, 2007a,b). Here, we 
were able to demonstrate that virus-loaded MSCs homed effi- 
ciently to the lungs of mice bearing orthotopic pulmonary tu- 
mors. Also, an increase in lucif erase signal versus that of MSCs 
with nonreplicating virus suggested multiplication of the input 
viral dose, which might further increase the therapeutic poten- 
tial of the approach. The kinetics studies revealed that viral re- 
lease from MSC carriers was relatively rapid, because 24 hr af- 
ter MSC injection (i.e., 72 hr after infection) a proportion of 
the released virus was already detectable in the liver. 

The survival of lung tumor-bearing mice was significantly 
prolonged when they received therapeutic virus with an intra- 
venously delivered MSC-based carrier. In addition, oncolytic 
adenovirus-loaded MSCs resulted in enhanced viral delivery 
and antitumor effect in an orthotopic murine model of advanced 
breast cancer. These results suggest that although MSCs did not 
specifically home to tumors, they were able to release thera- 
peutic virus for subsequent transduction of tumors. In essence, 
MSCs allowed multiplication of the input virus dose in the con- 
text of an extended release system. 

Our results in this highly aggressive lung cancer model, 
which closely models the human disease (Sarkioja et aL, 2006), 
are in accordance with the data of Studeny and co-workers, who 
studied a lung metastatic melanoma tumor model (Studeny et 
aL, 2002, 2004). Although they did not load MSCs with on- 
colytic viruses, they were able to see accumulation of the MSCs 
in lungs of mice, and interferon production resulted in thera- 
peutic benefit. Further, the capacity of MSCs to release repli- 
cation-competent adenoviruses for therapeutic benefit is sup- 
ported by the data by Komarova and coworkers, although they 
did not use a selectively oncolytic virus. To avoid biodistribu- 
tion complexities, they delivered MSCs intraperitoneally to 
mice with intraperitoneal ovarian cancer (Komarova et aL, 
2006). Further studies are required to clarify how viral infec- 
tion and replication affect MSCs at the molecular and biologi- 
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cal levels. Given the immune-privileged nature of MSCs (Le 
Blanc et al, 2004; Aggarwal and Pittenger, 2005), it is possi- 
ble that allogeneic MSCs could be used without rejection. Fur- 
ther, it might be interesting to study the capacity of MSC car- 
riers to avoid preexisting immune responses such as neutralizing 
antibodies against adenoviruses. 

In summary, infectivity of MSCs can be significantly en- 
hanced via targeting of viruses to a v j3 integrins and HSPG. Fur- 
thermore, MSCs are capable of supporting replication and viral 
release of infectivity-enhanced oncolytic adenoviruses both in 
vitro and in vivo. In addition, intravenously administered MSCs 
loaded with oncolytic adenoviruses prolong the survival of or- 
thotopic lung tumor-bearing mice, and deliver antitumor effi- 
cacy in an orthotopic model of advanced breast cancer. These 
results suggest that MSCs could be a potentially powerful tool 
for improving the bioavailability and delivery of oncolytic 
viruses into human tumors in the context of human trials. 
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